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TITLE 

Preparation of Functional Gel Particles with a Dual Crosslink Network 
INVENTORS 

5 Krzysztof Matyjaszewski, Ke Min, Jung Kwon Oh, James Spanswick and Nicolay V. 

Tsarevsky 

FIELD OF TECHNOLOGY 

The present invention relates to the preparation of functional gel particles with 
1 0 uniform properties comprising a crosslink network wherein a first fraction of the crosslinks in 
the gel are stable while a second fraction of the crosslinks can be reversibly cleaved. Opening, 
closing and reopening the reversible crosslinks allows loading of materials within the gel 
particles, chemical or physical encapsulation for delivery to a pre-selected target and release 
of encapsulated materials in a second environment. Peripheral or other accessible 
1 5 functionality allows attachment of second functional molecules to the gel thereby modifying 
the surface properties of the gel and optionally providing hydrophilic and/or a bio-responsive 
surface. 

BACKGROUND 

There is a continuing need to develop stable materials that can encapsulate a 
20 functional or guest agent, be capable of transportation, be capable of targeting specific 
environments within a biological species and be able to deliver the desired encapsulated 
material to different pre-selectable target environments. There is a need for a method to 
prepare functional gel particles which can encapsulate functional agent(s), allow 
functionalization of the exterior of the gel particle by attaching targeting surface active agents 
25 that can recognize specific environments within a living organism to the exterior of the gel 
particle, and deliver the particle to the target site where the particle "opens" and delivers the 
encapsulated or intra-particle attached functional agent(s) to the targeted site. Such materials 
are exemplified herein. 

There is a further need to be able to encapsulate a known amount of functional 
30 compound within a gel particle and hold the functional compound within the gel until it is 

1 
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released in the selected environment, at the appropriate time, over the appropriate time frame, 
or retain the functional compound when added to a different environment until subsequently 
stimulated to release the agent. 

Prior art technologies may accomplish one or more of these objectives but do not 
5 accomplish all of these objectives in a single material. 

There are a number of processes for the preparation of encapsulated functional 
materials but these processes depend on the coincidental encapsulation of the functional 
material during uncontrolled encapsulation procedures and enthalpic control over the release 
of the drug. 

10 A need therefore exists for a material that has the ability to encapsulate organic and 

inorganic materials such as, but not limited to pigments or other visually responsive materials, 
bio-active molecules such as drugs or nano-materials; physically or chemically deliver them 
to a specific targeted site; and then change the nature of the gel in response to the environment 
to controllably release the encapsulated material. 

1 5 SUMMARY OF THE INVENTION 

The preparation of functional crosslinked gel particles is disclosed wherein the gel 
particle comprise a polymeric network of more chemically stable, or in certain embodiments, 
permanent, crosslink or branch points in the support (or substrate) and with an additional 
fraction of reversibly cleavable crosslink or branch points that interact to allow the dual 

20 functional crosslinked responsive polymeric network to encapsulate and retain an increased 
volume fraction of guest molecules or function agent within the gel wherein the guest 
molecules or functional compound can be controllably released from the gel. The preparation 
of predominately hydrophilic and hydrophobic nanoparticles, microgels and/or macrogels is 
described with various fractions of stable and cleavable crosslinks within the gel particle. The 

25 term "stable" in this case additionally comprises molecules with links that can be slowly 

degraded (over a period of time greater than 7 days) within a bioactive environment and is not 
limited solely to C-C bonds. The encapsulating ability of microgel particles is initially 
exemplified by loading the gels with nano-sized star macromolecules, fluorescent molecules, 
color pigments, nanoparticles with fluorescent cores, drugs, including anticancer drugs, and 

30 nano-composite structures as guest molecules or functional agents. 

2 
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The added molecules or functional agents can be retained within the gel by at least one 
interaction with one or more polymeric backbone segments in the gel particle, wherein the at 
least one interaction is selected from the group consisting of chemical affinity, hydrogen 
bonding, Van der Waal's interactions, ionic interactions, hydrophilic interactions, hydrophobic 
5 interactions, chemical reactions, and combinations thereof. 

The surface of the first formed gel can be modified: 

• by chain extension of the dormant chain ends with other monomers to form a 
polymeric shell, 

• by reaction with bio-responsive molecules that can be conjugated to the surface 
10 of the gel, 

• to form (or, by adding) functional groups present on the gel particle surface, to 
enhance the surface properties of the gel, 

• to allow transportation of the gel to a specific biological target environment, 
and/ or 

15 • to seal the encapsulated material within the gel. 

In the proximity of the target environment, the degradable or cleavable crosslinks 
within the loaded particle may open as a consequence of the chemical environment at the 
location of the target, or can be stimulated to open, and release the encapsulated materials at 
the targeted site. Subsequent to release of the encapsulated material the "stable" crosslinks 
20 can degrade, for example, over a time period of from 7 days to 30 days, allowing the residual 
gel particle to undergo a slow degradation to polymer fragments having a size below the renal 
threshold. 

Macrogels, microgels and nanogels can be prepared using similar procedures to those 
detailed in the examples as can hybrid gels wherein the gel is attached to or forms an organic, 
25 an inorganic, or a hybrid core which can optionally comprise a delivery system, a functional 
imaging system or delivery notification system comprising at least one of an imaging agent, 
magnetic particles, and luminescent compound. 

The invention is focused on preparation of a functional gel material comprising a dual 
crosslink network wherein one fraction of the crosslink network is a responsive crosslink 
30 network and another fraction of the crosslink network is a more stable crosslink network. The 
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structure and composition of the gel is selected to allow enhanced encapsulation of one or 
more functional compounds within the functional gel and attachment of functional agents, 
including the optional attachment of bio-responsive agents, to the exterior of the nanogels. 
The responsive gel additionally allows degradation of the responsive or cleavable crosslink 
5 network in the gel in a specific targeted environment, and controlled release of one or more 
encapsulated materials or functional compounds at the targeted site. After release of the 
encapsulated functional compounds, the more stable crosslink network can slowly degrade 
forming polymer fragments that can be eluted from the site. 

According to one embodiment, the present disclosure provides for a gel particle 
10 comprising a polymeric network. The polymeric network comprises vinyl monomeric units, 
at least one first divinyl monomeric unit; wherein the vinyl groups are connected by a 
chemically stable linking group; and at least one second divinyl monomeric unit, wherein the 
vinyl groups are connected by a cleavable linking group. The polymeric network is formed 
using a controlled polymerization process and the first divinyl monomeric units form 
1 5 chemically stable crosslinks within the polymeric network and the second divinyl monomeric 
units form cleavable crosslinks within the polymeric network. 

Further embodiments provide for a process for preparing a gel particle. The process 
comprises polymerizing by a controlled polymerization process in a biphasic medium a 
system comprising vinyl monomeric units, at least one first divinyl monomeric unit and at 
20 least one second divinyl monomeric unit and forming a polymeric network comprising 

chemically stable crosslinks and cleavable crosslinks. In the first divinyl monomeric unit the 
vinyl groups are connected by a chemically stable linking group and in the second divinyl 
monomeric unit the vinyl groups are connected by a cleavable linking group. 

Still further embodiments provide for a process for delivering an active compound to a 
25 target site. The process comprises forming a gel particle comprising a polymeric network 
comprising chemically stable crosslinks and cleavable crosslinks, encapsulating one or more 
functional compounds in an interior portion of the gel particle, delivering the gel particle to a 
target site, cleaving at least a portion of the cleavable crosslinks of the polymeric network, 
and increasing a swelling ratio of the gel particle such that the one or more functional 
30 compounds is released from the interior portion of the gel particle. The polymeric network is 
formed by a controlled polymerization process. 



4 
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BRIEF DESCRIPTION OF THE FIGURES 

A gel with various properties as set forth herein is illustrated, but not limited, by the 
following figures. 

Figure 1 illustrates thiol-disulfide interchange between a disulfide-containing polymer 
5 and a low molecular weight thiol. 

Figure 2 illustrates dependence of f(H) from Figure 1 on pH for the reduction of 
disulfides P n -S2-P n with various pK a values (shown at each curve) of the corresponding thiols 
P n SH. 

Figure 3 illustrates a GPC trace from polymer prepared in Run KM 678 

10 Figure 4 illustrates the rate of conversion of MMA forming gel particles with two 

different concentrations of crosslink agents. 

Figure 5 illustrates the of particle size after addition of tributylphosphine (50 uL) to 1 
mL of the particle dispersion. 

Figure 6 illustrates 'H-NMR spectra of a B-SS-Br initiator and the product formed 
1 5 after reduction by 2-mecaptoethanol. 

Figure 7 illustrates UV spectra of different concentrations of Dox in PBS buffer (a) 
and plot of absorbance vs. concentration of Dox. 

Figure 8 illustrates a fluorescent image of live (green) and dead (red) C2C12 cells 
after 24 h incubation with nanogels. Scale bar = 200 um. 

20 Figure 9 illustrates the viability of HeLa cells in the presence of Dox-loaded nanogels 

before and after the addition of glutathione to release Dox from Dox-loaded nanogels. 

Figure 10 illustrates UV spectra of HAB and Avidin-HABA complexes before and 
after addition of biotin-nanogels in PBS buffer. 

Figure 11 illustrates the evolution of weight fraction of remaining nanogels with time 
25 in the presence of different amounts of glutathione, expressed as wt. ratio of 

5 
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glutathione/nanogels . 

Figure 12 compares the swelling of gels formed by free radical polymerization and 
atom transfer radical polymerization (ATRP). 

Figure 13A displays a schematic illustrating first approach to encapsulation of an 
5 agent in dual crosslinked gel particle. 

Figure 13B displays a schematic illustrating a second approach to encapsulation of an 
agent in a dual crosslinked gel particle. 

Figure 14 displays a schematic of growth a copolymer comprising a divinyl monomer, 
a vinyl monomer and an initiator. 

10 Figure 15 presents an Optical Fluorescence Microscopy image of FITC-avidin-biotin- 

nanogel conjugates. Scale bar = 5 urn 

DETAILED DESCRIPTION 

The gel particles, or functional particles, of the present invention are prepared by 
copolymerizing one or more divinyl compounds with one or more vinyl monomers in a 

1 5 controlled radical copolymerization process thereby forming gel particle having a polymeric 
network comprising a crosslinked network, optionally comprising two or more different types 
of crosslink units. In one embodiment of the invention, the gel comprises two or more 
crosslinking agents where at least a fraction of a first crosslinking agent can be reversibly 
cleaved, for example, under a specific set of chemical or biological conditions, and wherein a 

20 second crosslinking agent forms chemically stable crosslinks or comprise units that can 
slowly degrade in a biological environment.. This is exemplified in one embodiment by 
preparation of micro-gel particles further comprising crosslinks that degrade in a reducing 
environment, such as that present in cancer cells or cancerous tumors. 

All documents cited in the Detailed Description are, in relevant part, incorporated 
25 herein by reference; the citation of any document is not to be construed as an admission that it 
is prior art with respect to the present invention. To the extent that any meaning or definition 
of a term in this document conflicts with any meaning or definition of the same term in a 
document incorporated by reference, the meaning or definition assigned to that term in this 
6 
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As used herein, the terms "guest compound", "functional compound" and 
"encapsulated compound" are used synonymously and include one or more compounds that 
are physically or chemically encapsulated within the gel particle, such as, by any process 
5 described herein. Examples of guest compounds or functional compounds which may be 
encapsulated into the gel particles of the present disclosure include, for example, nano-size 
star macromolecules, fluorescent molecules, color pigments, inorganic nanoparticles, 
nanoparticles with a fluorescent core, biologically active compounds, drugs, cancer drugs, 
nanocomposite structures, biospecific molecules, and combinations of any thereof. 

10 The vessels that supply cancerous tumor with blood show several abnormalities such 

as deficiency in pericytes, aberrant basement membrane formation, and a large proportion of 
proliferating endothelial cells. The blood flow is frequently irregular and the hydrostatic 
pressure in solid tumors is usually high, which may cause restriction and even collapse, of 
capillaries. This leads to poor blood supply and formation of hypoxic regions in the tumor. 

15 Tumor vasculature is often hyperpermeable to proteins and other macromolecules (3-10 times 
larger permeability compared to regular tissues), which is thought to be a means for the 
tumors to acquire nutrients and structural components. The "trapping" of macromolecules by 
tumors is termed the enhanced permeability and retention (EPR) effect, and provides a means 
to deliver drug-polymer conjugates specifically to the tumor. [Maeda, H.; Greish, K.; Fang, J. 

20 Adv. Polym. Sci. 2006, 193, 103.] Due to the unique features of the tumor microenvironment, 
targeted drug release in tumors is feasible. Tumor tissues are often hypoxic or slightly more 
reducing, and also more acidic than normal tissues, and both features have been utilized in 
selective drug delivery in malignant tissues. [Brown, J. M.; Wilson, W. R. Nature Rev. Cancer 
2004, 4, 437.] 

25 Polymer-drug conjugates have been used for treatment of various diseases including 

cancer. There are several major requirements for the polymer to be used as a drug carrier: 

i) it has to be biocompatible and should not cause any reaction to the immune 
system, 

ii) molecular weight has to be lower than the renal threshold (in other words, 
30 control over molecular weight is an important factor), 
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5 



iii) 



iv) 



the drug should be controllably released (i.e., if it is attached to the polymer 
via chemical bonds, they should degrade, preferably selectively, in the targeted 
tissue), and 

the carrier should be easy to functionalize with targeting molecules via links 
that do not prematurely degrade in the body. 



The last three requirements are a challenge from synthetic chemistry point of view. 

Radical polymerization is the synthetic technique of choice for formation of polymer 
drug conjugates due to the large variety of monomers that can be polymerized; tolerance of 
the polymerization process to moisture, carbon dioxide, and impurities often encountered in 

10 industrial systems; and an experimental setup that does not require special equipment. 
However, the standard free radical polymerization process yields polymers with highly 
uncontrolled molecular weight, broad molecular weight distribution, compositional variation 
due to continuous initiation, fast termination anoVor transfer reactions, and furthermore it is 
generally not possible to prepare end-functionalized polymers by standard radical 

1 5 polymerization processes. 

According to various embodiments disclosed herein, Controlled Radical 
Polymerization (CRP) processes, including Atom Transfer Radical Polymerization (ATRP), 
overcomes these process limitations and is a robust method for the synthesis of polymers with 
predetermined molecular weight, narrow molecular weight distribution, controlled 
20 composition, molecular architecture and functionality. Many polymer composites have been 
successfully prepared by ATRP 

The classical theory dealing with the molecular weight growth and gel point 
predication is Flory-Stockmeyer's mean-field statistical theory, which projects that the critical 
condition (gel point) for the formation of an "infinite" polymer network is that the number of 
25 cross-linking unit (N c = pDP„J) per primary chain is equal to unity (Eq. 1). 



= 1 



Eq. 1 
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in which DP n (, represents the degree of polymerization (DP) of the branched polymer; DP nj i 
means the DP of the linear primary chain; and p is the branching density, i.e. the molar 
fraction of the double bond residing in the multivinyl cross-linker. 

In one exemplified embodiment of the process, the polymer drug conjugates are 
5 functional gel microparticles which can be prepared by ATRP, or other CRP processes such 
as nitroxide mediated polymerization (NMP) or reversible addition fragmentation transfer 
(RAFT), in miniemulsion or reverse miniemulsion polymerization systems where 
(co)monomers, such as vinyl monomeric units, are copolymerized with a pre-selected mole 
ratio of divinyl permanent crosslinkers and divinyl degradable crosslinkers of known 

10 reactivity ratio with the backbone (co)monomers. The ratio of targeted degree of 

polymerization (DP) to added mole fraction of crosslinking agents provides control over the 
"mesh size" of the formed gel. Addition of AB* monomers can also modify the mesh size by 
incorporation of three arm branch points into the network. The size of particles formed in 
miniemulsion or emulsion polymerization systems can be controlled within the range of 50 to 

1 5 500 nra, whereas smaller particles, for example, particles greater that 5 nm in diameter, are 
formed in micro-emulsion systems and larger particles may be formed in certain suspension 
systems. Therefore, in various aspects of the present disclosure, gel particles of any desired 
size can be formed by selecting the appropriate biphasic polymerization method. Solution or 
bulk polymerization can also be employed if a lesser degree of control over particle 

20 dimensions is acceptable. In certain embodiments, the gel particle may have an average 
diameter of at least 5 nm. In other embodiments, the gel particle may be a nanogel, a 
microgel, a macrogel, or a bead. 

For example, according to one embodiment of the present disclosure, the gel particle 
comprises a polymeric network. The polymeric network is formed by the controlled 

25 polymerization of a system comprising vinyl monomeric units; at least one first divinyl 

monomeric unit, wherein the vinyl groups are connected by a chemically stable tether; and at 
least one second divinyl monomeric unit, wherein the vinyl groups are connected by a 
cleavable tether. In the polymeric network the first divinyl monomeric unit forms chemically 
stable crosslinks within the polymeric network and the second divinyl monomeric unit forms 

30 cleavable crosslinks within the polymeric network. According to certain embodiments, at 
least a portion of the cleavable crosslinks are cleavable in a predetermined chemical 
environment or a predetermined biological environment, such as, for example, a specific 
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cellular environment, as described herein. In certain embodiments, the cleavable crosslinks 
are reversibly cleavable crosslinks. That is, at least a portion of the cleavable crosslinks may 
be selectively cleaved under specific chemical or biochemical conditions and the cleaved 
crosslinks may be selectively reformed under other specific chemical or biochemical 
5 conditions. 

Biodegradable or cleavable crosslinkers include peptides, [Khelfallah, N. S.; Decher, 
G.; Mesini, P. J. Macromolecular Rapid Communications 2006, 27, 1004-1008] anhydrides, 
[US Application No. 10/ 034908] and oligo(lactate) esters [Huang, X.; Lowe, T. L. 
Biomacromolecules 2005, 6, 2131-2139]. These crosslink agents and the resulting hydrogels 

1 0 are degraded to water-soluble polymers. Disulfides of the type R-S 2 -R (both linear or cyclic) 
present another class of (bio)degradable groups which can be cleaved to the corresponding 
thiols in the presence of reducing agents, such as, but not limited to, tributyl phosphine 
(Bu 3 P), tris(2-carboxyethyl)phosphine (TCEP), and dithiothreitol (DTT). [Houk, J.; 
Whitesides, G. M. J. Am. Chem. Soc. 1987, 109, 6825; Tsarevsky, N. PhD Thesis CMU 2005, 

1 5 Chapter 6] Other degradable links such as hydrazides, hydrazines, hydrazones, acetals, 

oximes, imines, Schiff bases or urethanes, while not as biologically benign may also be used 
to target different rates of degradation in different environments, as can crosslinking agents 
comprising degradable oligo/polymer segments such as a polysaccharide, polyesters, a 
peptide or protein, chitin, or chitosan. 

20 Since controlled radical polymerization processes are envisioned as one process for 

the preparation of the functional gels, a series of disulfide-functionalized dimethacrylate 
crosslinkers have been developed to exemplify the preparation of (bio)degradable bulk gels 
and gel particles. The degradation of disulfides has been utilized for the preparation of 
various polymeric materials, including stimulus-responsive gelators, [Li, C; Madsen, J.; 

25 Armes, S. P.; Lewis, A. L. Angew. Chem. Int. Ed. 2006, 45, 3510] reversible shell-crosslinked 
micelles, [Li, Y.; Lokitz, B. S.; Armes, S. P.; McCormick, C. L. Macromolecules 2006, 39, 
2726] miktoarm star copolymer, [Gao, H.; Tsarevsky, N. V.; Matyjaszewski, K. 
Macromolecules 2005, 38, 5995] and polymer capsules. [Zelikin, A. N.; Quinn, J. F.; Caruso, 
F. Biomacromolecules 2006, 7, 27] 

30 In various embodiments, the polymeric networks may comprise one or more polymer 

segments having a controlled topology, such as a topology resulting from a controlled radical 
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polymerization, for example an ATRP polymerization. The polymeric segments may 
comprise vinyl monomeric units selected from hydrophilic or polar monomeric units, 
hydrophobic or non-polar monomeric units, and various combinations thereof. In one 
embodiment of the present disclosure, ATRP is employed in miniemulsion and in inverse 
5 miniemulsion for the synthesis and functionalization of stable (bio)degradable crosslinked gel 
nanoparticles comprising either hydrophobic or hydrophilic, water-soluble polymers 
respectively in the presence of a disulfide-functionalized dimethacrylate (DMA). Use of 
ATRP for the formation of the gel particles allows the preparation of materials with many 
useful features. Since the process is a radical based polymerization process, one can therefore 

10 incorporate a wide spectrum of functional monomers into the gel. The use of a radical 

process also allows facile cross-propagation between monomer units and the crosslink agents 
can therefore be incorporated into the gel in a predictable manner by consideration of the 
reactivity ratio's; forming either a random or statistical distribution of crosslinks along the 
polymer backbone or a gradient distribution of either or both the permanent crosslinks and 

1 5 cleavable crosslinks. The resulting particles preserve a high degree of, functional agents, such 
as halide end-functionality within the gel to enable further chain extension to form crosslinked 
gel/functional block copolymers and/or functionalization with bio-related molecules, such as 
by utilizing click reactions, such as those described in PCT/US05/007264. 

In one embodiment of the process, the gel particles comprise a fraction of crosslinks 
20 that are degradable or cleavable in a reducing environment and in a further embodiment of the 
process a fraction of crosslinks that are slowly degradable in a biological environment to 
individual polymeric chains with relatively narrow molecular weight distribution (M w /M n < 
1.5) and a molecular weight below the renal thresehold. Some suitable slowly degradable 
functional groups have been disclosed in PCT/US04/09905. The use of ATRP allows the 
25 formation of a uniformly crosslinked network in one or more segments of the individual gel 
particles. This uniform structure formed by a CRP is anticipated to improve control over the 
release of encapsulated functional agents and the molecular weight or size of the final 
degraded polymer fragments can be controlled to be below the renal threshold. The 
predictable and controllable properties of the gel particles prepared herein include among 
30 others, swelling ratio, degradation behavior, and colloidal stability. Therefore, gel particles 
prepared by ATRP are superior to those prepared by conventional free radical inverse 
miniemulsion polymerization, (as shown in Figure 12) In one embodiment, water swellable 
nanogels are prepared in one step in an inverse miniemulsion polymerization process and 
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these hydrophilic particles will provide enhanced circulation time of the loaded nanogels in 
the blood. 

In another embodiment of the process, hydrophobic gel particles are prepared in a 
miniemulsion polymerization process that can be loaded with hydrophobic drugs. In a further 
5 embodiment, the first formed hydrophobic gel particles further comprises a water swellable or 
water compatible shell to enhance circulation time of the loaded core/shell nanogels in the 
blood. 

The unique properties of the well-defined functional nanogels prepared by the newly 
developed method disclosed herein make these gel particles useful materials for biological 
10 and biomedical applications. 

In a preferred exemplary embodiment, the nanogels are constructed and functionalized 
to specifically target cancer cells. This embodiment exemplifies how the gel network can be 
designed for a specific task, such as selectively carrying large doses of a functional 
compound, such as drugs, to tumor sites with little drug loss to healthy cells. Because tumor 
1 5 environments are more reducing and more acidic than normal tissues, the embodiment of the 
gel network directed to this use will be predominately crosslinked with biodegradable 
linkages that are preferentially cleaved in chemical environments resembling those found in 
cancer tumors, thereby releasing the encapsulated drugs within the tumor or in proximity to 
the tumor. 

20 CRP allows control over molecular weight and each polymer fragment, after further 

degradation, can have a size or molecular weight lower than the renal threshold allowing 
elution from the body. 

The surface of the gel particles, such as the gel nanoparticles, may be functionalized 
with compounds, such as surface reactive agents, for example, surface reactive agents 

25 targeting overexpressed receptors on cancer cells, e.g., folic acid or luteinizing hormone- 
releasing hormone (LHRH), which are overexpressed in breast, prostate, and ovarian cancer 
cells, and are not expressed detectably in most visceral organs as the targeting ligands. 
Different surface reactive agents targeting different receptors can be attached to target other 
cancers or diseases such as interleukin-3 receptor subunits on defined subpopulations of acute 

30 myeloid leukemia; peptabody-EGF apoptosis inducer targeting ErbBl receptor 
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overexpressing cancer cells; endothelin (ET)-l targeting its receptors ET-A and ET-B and 
others such as those discussed in recent review articles, [see, Expert Opinion on Therapeutic 
Targets 2006, 10, 281-287; Expert Review of Anticancer Therapy 2006, 6, 73-81 ; Cytotoxins 
and Immunotoxins for Cancer Therapyy 2005, 97-1 14 and Medicinal Research Reviews 2002, 
5 22, 225-250.] 

In one embodiment, the gel particles and polymeric networks further comprises stable 
crosslink agents such as an ester linkage, or other chemical link that slowly degrades in 
biological systems over a longer period of time, such as greater than 7 to 30 days, or more, 
thereby allowing complete degradation of the gel into fragments below the renal threshold 
10 after delivery of the drug is completed. In a specific embodiment, the polymeric network may 
degrade over a period of time from 7 days to 30 days or more, to form polymer fragments 
having a size and/or molecular weight below the renal threshold. 

In non-limiting exemplary procedures, aqueous miniemulsion and inverse 
miniemulsion polymerization processes were employed to form hydrophobic and hydrophilic 

1 5 gel particles respectively, each displaying a final particle size controlled by consideration of 
the initial surfactant to monomer ratio. A valuable characteristic of both embodiments of the 
double-crosslinked systems is that the networks can be opened and closed upon exposure to 
different chemical environments. For example, in one embodiment of the invention, the 
reversibly cleavable crosslink is exemplified by a reversibly cleavable crosslinking agent 

20 comprising a disulfide bond. In a reducing environment, the disulfide bond cleaves to two 
thiol-end groups as shown below in Scheme 1 and allows the first formed gel particle to swell 
to a higher swelling ratio or greater diameter. The "open" gel particle is stable if the ratio of 
stable crosslinking agents incorporated into the gel to initiators initially added to the reaction, 
are greater than 1 : 1 as illustrated in scheme 1 . For example, in certain embodiments, the gel 

25 particles may further comprise a residue of an initiator, wherein the ratio of the first divinyl 
monomeric unit (i.e., the stable crosslinking agent) to the first added initiator is greater than 
1:1.01. 
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Scheme 1. Opening of a dual crosslinked gel particle containing disulfide links in a 
reducing environment; o represents a stable crosslink while • represents a disulfide link. 

One tool that can be employed to tailor the degradability or cleavability of the 
cleavable disulfide linker is provided by the fact that the reduction of a disulfide bond, 
10 yielding the corresponding thiols, with various efficient reducing agents such as phosphines, 
metal hydrides and active metal/acid combinations has been widely used in protein analysis. 

Thiols (RSH) may also be used to cleave the disulfide crosslinks and equilibrium is 
established relatively quickly (see Figure 1). This interchange is of primary importance in 
biological redox systems. The interchange is a nucleophilic substitution reaction with the 

1 5 thiolate anion RS' as nucleophile. The rate and the equilibrium position depend on the degree 
of ionization of the participating thiols, and therefore on their pK a values and the solution pH, 
as shown in Figure 2 (K^ is the equilibrium constant at sufficiently low pH, at which none of 
the thiols is appreciably dissociated). The dependence of the function f(H), which determines 
the values of K ex ,ob S) upon pH for reduction of several disulfides P n -S 2 -P n with a thiol of 

20 pKa(RSH) = 9 is shown in Figure 2. The pKa value of the thiol group of the model reducing 
agent RSH is the same as that of glutathione, the most important biological reducing agent 
(pK a (GSH) = 8.9 - 9.2). [Schafer, S. Q.; Buettenr, G. R. Free Radical Biol. Med 2001, 30, 
1191.] The exchange equilibrium can be shifted to the right or the left side, as pH of the 
medium is increased depending on the pK a value of the produced thiol P n SH. Incorporation 

25 of this embodiment into the concept of the nanogel particles disclosed herein allows the 
rational synthesis of cleavable polymer networks with internal disulfide link(s) that will be 
cleaved only at a certain pH. Since tumor tissues are both reducing and acidic, the 
development of polymeric networks and gel particles in which at least a portion of the 
cleavable crosslinks optimally cleave at certain values of the medium pH and in reducing 

30 environment is an important tool for the development of tumor selective drug-carriers for 
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cancer therapy. 

Different cleavable crosslinking agents, such as, for example, different cleavable 
disulfide crosslinks, can be selected to allow different rates of degradation in different tumor 
environments. Thus, according to certain embodiments, the cleavable crosslinks may 
5 comprise two or more cleavable functionalities, wherein the two or more cleavable 
functionalities have different rates of cleavage in different chemical or biological 
environments. The synthesis of a non-limiting selection of disulfide crosslinkers with 
different pH responsive degradation or cleaving behavior is shown in Scheme 2. Analogs or 
derivatives of these agents can also be prepared to provide disulfide S-S linkages that degrade 
10 or cleave at different rates in the expected cancerous environment. 

Crosslinkers 

Scheme 2. Synthesis of difunctional biodegradable crosslinkers with different pH dependence 
of the reductive degradation. (R = H or Me) 

1 5 In one embodiment of the gel particles of the invention, two or more different 

degradable crosslinkers are incorporated into the gel to control the rate of "opening" of the gel 
particle in the target environment. In this embodiment, control over the rate of opening of the 
gel particle provides control over the rate of release of a guest compound or functional 
compound encapsulated within the gel in the targeted environment. The different cleavable 

20 crosslinkers can comprise the same cleavable functionality, such as differently substituted 
disulfide links, or different compositionally cleavable links, such as a disulfide and a peptide. 
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In one embodiment of the invention, the guest compound desired to be encapsulated 
within the gel can be added during the gel formation process. For example, according to this 
embodiment, the guest compound or functional compound may be mixed with the polymer 
system during or prior to the polymerization process and the guest compound or functional 
5 compound is encapsulated within the gel particle as the polymeric network of the gel particle 
is formed. According to certain embodiments, the cleavable crosslinks may then later be 
cleaved to release the guest particle or functional agent, for example, in a predetermined 
chemical or biological environment. 

In another embodiment, the guest compound or functional compound may be added at 
1 0 a later time, and can diffuse into the gel based on the preferred chemical environment within 
the gel or can be added to the gel in a separate step. For example, in one embodiment, at least 
a portion of the reversibly cleavable crosslinks may be cleaved, thereby swelling the gel 
particle to form and "open" gel. The guest compound can be added to the "open" gel and can 
migrate or diffuse into an interior portion of the "open" gel. Then the gel can be "closed" by 
1 5 reforming the reversibly cleavable crosslinks, thereby encapsulating the guest compound. 

The definitions of "open" and "closed" will become clear during the following discussion and 
are schematically illustrated in Figures 13A and 13B. 

In one embodiment, the gels are preferentially prepared using a controlled "living" 
polymerization process, such as a controlled radical polymerization, for example, an ATRP 

20 polymerization process, in either a bulk, a solution, or a suspension polymerization processes 
and gel particles formed during a post polymerization step or where additional control over 
the gel particle size is desired the gel particles can preferentially be prepared by conducting a 
controlled or living copolymerization in a biphasic media where the dispersed phase 
comprises the gel precursor. The biphasic polymerization can be formed with either a 

25 continuous aqueous phase or a continuous non-aqueous phase, such as an organic phase, an 
ionic liquid, or a super critical fluid, and conditions can be selected to form gel particles with 
particle diameters from 5 run upwards, for example, from 5 nm to 500 nm, since the 
conditions selected for the biphasic polymerization can be selected from a microemulsion, a 
miniemulsion, emulsion or suspension polymerization process. 

30 There are many polymerization processes that are considered to be controlled, living 

or "living" including ionic polymerization processes and radical polymerization processes. 
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While all are hereby incorporated into the definition of a controlled "living" polymerization 

process, the procedure will be discussed employing a controlled radical polymerization 

process since radical processes allow incorporation of a wider spectrum of polymerizable 

monomers than ionic processes. One of the most robust controlled radical polymerization 
5 processes is known as atom transfer radical polymerization (ATRP) which is disclosed, for 

example, in U.S. Patent Nos. 5,763,548; 5,807,937; 5,789,487; 5,945,491; 6,111,022; 

6,121,371; 6,124,411; 6,162,882; 6,407,187; 6,512,060; 6,538,091; 6,541,580; 6,624,262; 

6,624,263; 6,627,314; 6,759,491; and U.S. Patent Application Serial Nos. 09/534,827; 

09/972,056; 10/034,908; 10/269,556; 10/289,545; 10/638,584; 10/860,807; 10/684,137; 
1 0 1 0/78 1 ,06 1 and 1 0/992,249 all of which are herein incorporated by reference. ATRP has also 

been discussed in numerous publications and reviewed in several book chapters. [ACS Symp. 

Ser., 1998, 685; ACS Symp. Sen, 2000; 768; Chem. Rev. 2001, 101, 2921-2990; ACS Symp. 

Sen, 2003; 854; ACS Symp. Ser., 2006; 944.] Within these published articles and book 

chapters similar polymerization systems may be referred to by different names, such as 
1 5 transition metal mediated polymerization or atom transfer polymerization, but the processes 

are similar and referred to herein as "ATRP". 

As discussed herein, the reversible crosslinks can be opened by chemical procedures 
or they can be opened by biological procedures. 

"Biological" refers to materials for which the cleavage or degradation process is at 
20 least partially mediated by, and/or performed in, a biological system. 

"Degradation", such as the slow degradation discussed herein, refers to a chain 
scission process by which a polymer chain is cleaved into tethered polymeric segments or 
completely broken apart into oligo/polymer fragments or segments with a size or molecular 
weight below the renal threshold. According to certain embodiments, the degradation may 
25 occur over a time period ranging from 7 days to 30 days, or more. 

"Chain scission" may occur through various mechanisms, including, for example, by 
chemical reaction (e.g., hydrolysis) or by a thermal or photolytic process. Chain scission or 
polymer degradation may be characterized, for example, using the swelling ratio of the gel 
particle, which monitors the particle size as the reversible crosslinks are opened then closed 
30 and provides a measurement of expected changes during gel particle erosion and drug release. 
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"Biodegradable" also refers to materials that may be degraded by a process mediated 
by, and/or performed in, a living biological system. Heller indicated that depending on the 
type of polymer, degradation generally occurs by one of three basic mechanisms {see, e.g., 
Heller, J., "CRC Critical Review in Therapeutic Drug Carrier Systems," 1984, 1(1), 39-90); 
5 Siepmann, J. et al., Adv. Drug Del. Rev., 2001, 48, 229-247): 

(1) water-soluble polymers that have been insolubilized by covalent crosslinks that 
solubilize as the crosslinks or the backbone undergo a hydrolytic cleavage; 

(2) polymers that are initially water insoluble are solubilized by hydrolysis, ionization, 
or pronation of a pendant group; and 

10 (3) hydrophobic polymers that are converted to small water-soluble molecules by 

backbone cleavage. 

Techniques for characterizing degradation include thermal analysis {e.g., DSC), X-ray 
diffraction, scanning electron microscopy (SEM), electron paramagnetic resonance 
spectroscopy (EPR), NMR imaging, and recording mass loss during an erosion experiment. 
1 5 For microspheres, several particles size measurement techniques may be applied to monitor 
the size evolution of crosslinked gels versus time as the reversible crosslinks are cleaved and 
reformed. 

As used herein, "analogue" refers to a chemical compound that is structurally similar 
to a parent compound, but differs slightly in composition {e.g., one atom or functional group 

20 is different, added, or removed). The analogue may or may not have different chemical or 
physical properties than the original compound and may or may not have improved biological 
and/or chemical activity. For example, the analogue may be more hydrophilic or it may have 
altered reactivity as compared to the parent compound. The analogue may mimic the 
chemical and/or biologically activity of the parent compound {i.e., it may have similar or 

25 identical activity), or, in some cases, may have increased or decreased activity. The analogue 
may be a naturally or non-naturally occurring {e.g., recombinant) variant of the original 
compound. Other types of analogues include isomers (enantiomers, diasteromers, 
stereoisomers, and the like) and other types of chiral variants of a compound, as well as 
structural isomers. The analogue may be a branched or cyclic variant of a linear compound. 

30 For example, a linear compound may have an analogue that is branched or otherwise 
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substituted to impart certain desirable properties (e.g., improve hydrophilicity or 
bioavailability). 

As used herein, "derivative" refers to a chemically or biologically modified version of 
a chemical compound that is structurally similar to a parent compound and (actually or 
5 theoretically) derivable from that parent compound. A "derivative" differs from an 

"analogue" in that a parent compound may be the starting material to generate a "derivative," 
whereas the parent compound may not necessarily be used as the starting material to generate 
an "analogue." A derivative may or may not have different chemical or physical properties of 
the parent compound. For example, the derivative may be more hydrophilic or it may have 

10 altered reactivity as compared to the parent compound. Derivatization (i.e., modification) 
may involve substitution of one or more moieties within the molecule (e.g., a change in a 
functional group). For example, a hydrogen may be substituted with a halogen, such as 
fluorine or chlorine, or a hydroxyl group (--OH) may be replaced with a carboxylic acid 
moiety (--COOH). The term "derivative" also includes conjugates, and prodrugs of a parent 

15 compound (i.e., chemically modified derivatives which can be converted into the original 
compound under physiological conditions). For example, the prodrug may be an inactive 
form of an active agent. Under physiological conditions, the prodrug may be converted into 
the active form of the compound. Prodrugs may be formed, for example, by replacing one or 
two hydrogen atoms on nitrogen atoms by an acyl group (acyl prodrugs) or a carbamate group 

20 (carbamate prodrugs). More detailed information relating to prodrugs is found, for example, 
in Fleisher et al., Advanced Drug Delivery Reviews 19 1996, 115; "Design of Prodrugs," H. 
Bundgaard (ed.), Elsevier, 1985; or H. Bundgaard, Drugs of the Future, 16, 1991, 443. The 
term "derivative" is also used to describe all solvates, for example hydrates or adducts (e.g., 
adducts with alcohols), active metabolites, and salts of the parent compound. The type of salt 

25 that may be prepared depends on the nature of the moieties within the compound. For 
example, acidic groups, for example carboxylic acid groups, can form, for example, alkali 
metal salts or alkaline earth metal salts (e.g., sodium salts, potassium salts, magnesium salts 
and calcium salts, and also salts with physiologically tolerable quaternary ammonium ions 
and acid addition salts with ammonia and physiologically tolerable organic amines such as, 

30 for example, triethylamine, ethanolamine or tris-(2-hydroxyethyl)amine). Basic groups can 
form acid addition salts, for example with inorganic acids such as hydrochloric acid, sulfuric 
acid or phosphoric acid, or with organic carboxylic acids or sulfonic acids, such as acetic acid, 
citric acid, benzoic acid, maleic acid, fumaric acid, tartaric acid, methanesulfonic acid or p- 
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toluenesulfonic acid. Compounds which simultaneously contain a basic group and an acidic 
group, for example a carboxyl group in addition to basic nitrogen atoms, can be present as 
zwitterions. Salts can be obtained by customary methods known to those skilled in the art, for 
example by combining a compound with an inorganic or organic acid or base in a solvent or 
5 diluent, or from other salts by cation exchange or anion exchange 

In an ATRP that is conducted to prepare a dual functional crosslinked gel particle, as 
disclosed herein, the gel precursor can comprise one or more monofunctional vinyl monomer 
units and/or monofunctional oligo-polymer macromonomers, such as PEOMA, that are 
copolymerized with one or more difunctional vinyl monomer units and/or difunctional oligo- 

10 polymer macromonomers. In a controlled polymerization process, the ratio of 

monofunctional to multi-functional monomer provides the average degree of polymerization 
(DP) between the formed crosslinks in the formed gel particle. Optional addition of AB* 
inimer, i.e molecules that comprise an initiating functionality and a (co)polymerizable vinyl 
group, provides a method of forming three arm crosslink or branch point, in addition to a four 

1 5 arm crosslink formed by incorporation of both functional groups in a divinyl crosslink agent 
into the polymerization process, thereby allowing synthesis of gels with higher swelling ratios. 
The controlled polymerization process can be initiated by an ATRP initiator comprising 
mono-functional, difunctional or multifunctional initiating groups and/or species attached to a 
core particle or can further comprise an AB* molecule. The initiator, or inimer, may 

20 optionally comprise a degradable functionality. 

The distribution of the stable crosslinks and reversible crosslinks throughout the 
formed network can further moderate the swelling ratio of the gel particle in its closed, open 
and re-closed conformation, and hence the ability of the final gel particle to encapsulate added 
guest molecules, functional compounds, or materials. Selection of divinyl monomers with 
25 different reactivity ratios of the "stable" and "reversible" divinyl crosslink agents can be used 
to adjust the distribution of the "stable" and "reversible" agents along the backbone of the gel 
network as the polymerization progresses from the residue of the initiator to each the active 
chain end(s) comprising the gel particle, (see, Figure 14.) 

In one embodiment, the reactivity ratio's of the added (more) stable first divinyl 
30 crosslinking monomelic unit and reversibly cleavable second divinyl crosslinking monomeric 
unit with the backbone (co)monomer(s) can be selected so that when the gel is formed in a 
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controlled polymerization process with a (Afunctional initiator, the reversibly cleavable 
divinyl crosslinking monomer is preferentially incorporated into the copolymer and the stable 
divinyl crosslinking monomer is preferentially incorporated at higher conversions. This 
would allow a gel particle to be formed wherein cleavage of the reversible crosslinks would 
5 allow increased swelling of the gel particle since each chain within the gel particle would 
remain attached to other chains in the gel at the periphery of the backbone chains while the 
cleaved functional groups comprising the reversible crosslinks would remain in the local of 
the other functional groups comprising the reversible crosslinks, thereby increasing the 
likelihood of mutual reaction with another cleaved functional groups to reform the reversible 

10 crosslinks during the "closing" process. This can be envisioned as expansion of a soccer ball 
or softball to the size of a basketball as the reversible crosslinks are cleaved then reforming a 
"tighter" network on closing the cleaved functional groups to reform the reversible crosslinks 
while encapsulating added guest compounds, such as functional compounds to be delivered to 
a target site, (see, Figure 13 A) In this embodiment the gel network is opened and swelling 

1 5 ratio is increased as the reversibly cleavable crosslinks are cleaved and then the gel polymeric 
network is then closed as the crosslinks are reformed, thereby encapsulating the added guest 
compound(s). This concept would also work if the reactivity of both crosslinking agents were 
similar as the "pore" size, or number of monomer units between "stable" crosslink points, 
would increase as the degradable links were opened. 

20 As described previously, desired therapeutic agents as guest compounds or functional 

compounds, may be admixed with, blended with, conjugated to, or, otherwise modified to 
contain a polymer composition (which may be either biodegradable or non-biodegradable) or 
a non-polymeric composition in order to release the therapeutic agent over a prolonged period 
of time. For many of the aforementioned embodiments, localized delivery as well as 

25 localized sustained delivery of the agent may be required. For example, a desired therapeutic 
agent may be admixed with, blended with, conjugated to, or, otherwise modified to contain a 
polymeric composition (which may be either biodegradable, non-biodegradable or partially 
biodegradable) or non-polymeric composition in order to release the therapeutic agent over a 
period of time. 

30 In order to determine the minimal requirements of a dual responsive functional gel, a 

series of experiments were conducted with low levels of crosslinking agent(s) added to a 
controlled radical polymerization (CRP) process and it was determined that the level of 
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permanent crosslinking within the gel should exceed 1 : 1 (crosslinking molecules per polymer 
chain) to guarantee the synthesis of a gel network instead of a hyperbranched polymer as the 
polymerization is pushed to 95%+ conversion. (Figure 3) Without wishing to be limited by 
the explanation, it is believed that an excess of divinyl monomer has to be added since not 
5 every pendant vinyl group formed when one vinyl group on the divinyl monomer is 

incorporated into a growing copolymer chain is incorporated into another growing chain (i.e., 
not every divinyl monomeric unit forms a crosslink). 

In a controlled polymerization process, the ratio between the moles of monomer and 
total concentration of crosslinking agents determine the mesh size of the gel (average length 
1 0 of polymer chains (or DP) between two crosslinking points) which is one parameter that 
provides a stable network. When combined with the added reversible network crosslinking 
agent, this provides information on the size of second functional compound or guest molecule 
that can be physically encapsulated and retained in the final gel. 

In one embodiment of this invention, the first, or stable network can be considerably 

1 5 looser than the target final network in order to cast a wide net when the open gel particle is 
dispersed in a good solvent for the polymer segments thereby encapsulating the desired added 
guest component(s) prior to closing the network by joining together the reversible cleavable 
crosslinks, thereby physically or chemically entrapping the desired guest functional material(s) 
within the new gel particle which now additionally comprises the desired functional 

20 compound. Additional functionality can be incorporated into the backbone copolymer in 
order to increase the efficiency of incorporation of the added agent with the gel particle by 
Van der Waal's interactions, [Melander, W.; Horvath, C. Act. Carbon Adsorption Org. 
Aqueous Phase 1980, /, 65-89] chemical affinity, hydrogen bonding, ionic interactions, 
hydrophilic interactions, hydrophobic interactions, chemical reactions, and combinations 

25 thereof or by conducting a weak chemical reaction between the added functional compound or 
guest and the gel particle with functional groups present on the polymeric backbone segments 
or latent crosslinking functionality when the gel is in its open form. However, if a molecule 
which would lead to branching in the polymer segments, such as happens when an AB* 
molecule is added, then the overall size of the molecule that can be encapsulate by the 

30 network comprising a certain fraction of stable and/or reversible crosslinks can be decreased. 

In one embodiment of the invention, the reversibly cleavable crosslinks comprise a 
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disulfide bond as disclosed in patent application PCT7US04/09905. If such a disulfide bond is 
incorporated into a crosslinking agent present, either as the sole reversible crosslinking agent, 
or as one of two or more reversible crosslinking agents, then the disulfide group can be used 
to bind additional added functional compounds to the polymeric backbone of the gel particle. 

5 In order to exemplify this concept of creating specific bonding between the added functional 
compound and the gel, a thiol-containing guest molecule (for example, a fluorescent dye) was 
designed for incorporation into the gel through a degradable disulfide link. (Exemplified by 
scheme 5, Example 5) One scheme for reactive incorporation of the small functional 
compound is shown below, Scheme 3 and further illustrated in Figure 13B. Other thiol 

1 0 containing molecules such the gamma-Glu-Cys-Gly-OEt (glutathione) or the anti-cancer drug 
doxorubicin are also added to the first formed gel to further exemplify the interactive 
enhanced encapsulating ability of a thio-funtionalized gel particle. 




Scheme 3. Incorporation of thiol-functional molecules into reversible crosslinked disulfide 
gel particles via formation of new disulfide bonds. 

20 

Any guest molecule or functional compound with an available thiol group can be 
incorporated into the gel particle by reaction with a disulfide link within the gel. In one 
exemplary example detailed below, a fluorescent dye having a thiol was synthesized since it 
should be able to react with the reversible crosslink disulfide groups in the gel and its 

25 incorporation readily measured. Theoretically, during the reaction, the gel should expand 
while the guest molecule cleaves the disulfide bond as they are binding to the gels. This 
"chemical" encapsulation of guest molecules is much more efficient than physical 
absorption/diffusion because there is a controlled uptake and consequentially a controllable 
release of a known amount of guest molecules. In a reducing environment, the disulfide 

30 group formed between the gel particle and guest molecules can be cleaved so that the guest 
molecules are delivered thereafter to the target environment. In this embodiment, the guest 
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molecules undergo interactive encapsulation or chemical incorporation into the gel particle 
through site specific interaction with functional groups within the gel particle thereby 
providing high uptake efficiency without being affected by the mesh size. Specific binding 
sites within the gel copolymer are provided to facilitate the interaction. See, Figure 13B. 

5 Therefore, in a further embodiment, protected-thiol-functionalized (micro)gels and 

thiol-containing functional linear and star polymers may be synthesized and some additional 
interaction force (such as ionic interactions or weak chemical bonding) may be introduced to 
enhance the uptake of organic molecules into the gel. The encapsulated guest molecules 
could also be released from the gel after the breaking of the encapsulating enhancing force. 

1 0 Introduction of any reversible driving force (such as, for example, hydrogen bonding or 

disulfide bonding) can keep the guest molecules from leaking out of the gel particle until the 
bond is broken at the target area and/or at the preprogrammed time. As exemplified below, a 
thiol-containing functional polymer (guest molecules modeling the size of small and large 
proteins) can react with a protected-thiol-functionalized gel. Since the thiol group has a high 

1 5 k tr , a protected thiol functionality was used during the polymerization. This is exemplified in 
one of the examples below where a protected-thiol-functionalized ATRP initiator was 
synthesized first, (Scheme 6 in Example 6), the protected group (benzothiazole) can easily be 
replaced by another attacking alkyl thiol and form an alkyl disulfide bond. 

Disulfides are used herein as exemplary units for formation of biodegradable 
20 crosslinks and biodegradable links for attachment of agents since disulfides should degrade in 
the environment of a cancer tumor site but other degradable units known in the art can also be 
employed. 

In a further embodiment of the process, the capacity of the first formed gel comprising 
a dual functional crosslink network to entrap/interact with additional molecules can be further 

25 enhanced by employing the terminal functionality that was initially present on each added 
initiator molecule and is now present within the gel particle to form a core shell structure by 
addition and polymerization of a second set of (co)monomer(s), for example by an ATRP 
process. In this manner the surface properties of microgels can be easily tuned by chain 
extension from the chain-end functionalities remaining within the microgels. This can form a 

30 shell to enrich the concentration of either hydrophobic guest molecules in a gel prepared by 
bi-phasic aqueous polymerization processes or hydrophilic guest molecules in gels prepared 
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by inverse emulsion processes. As used herein, the terms "functional agent" or "residue of a 
functional agent" means the terminal functionality (or residue thereof) within the gel particle. 
As used herein the term "surface reactive agent" means a compound that may react with a 
functional agent or residue of a functional agent. 

5 In a further embodiment, the surface of the gel can be functionalized using high yield 

"click" chemistry as disclosed in PCT/US05/007264. 

In a further embodiment, the surface reactive agents attached to the terminal agent can 
act as blocking agents to provide a physical barrier to retain the guest compound or functional 
compound within the gel particle. In this embodiment, a combination of cleavable 
1 0 crosslinker, followed by loading and then by attaching polymer through a similar link that 

degrades at the target site is used in order to temporarily "block" the pores until delivery to the 
active site is complete. 

In a further embodiment, the blocking agent can additionally comprise a water soluble 
visual imaging agent to let us know the functional nanoparticle has found a tumor. 

1 5 For example, in one embodiment of the gel particle, the residue of the at least one 

functional agent may form a chemical bond with a surface reactive agent, such as a reactive 
monomer, a reactive monomer, a reactive oligomer, and combinations of any thereof. 
According to these embodiments, the gel particle further comprises a polymeric shell bonded 
to at least a portion of the surface of the particle, wherein the polymeric shell may alter the 

20 surface properties of the gel particle. For example, according to one embodiment, the 
polymeric shell may seal one or more pores on the surface of the gel particle and further 
encapsulate the chemically or physically encapsulated compound and wherein the polymeric 
shell is bonded to the surface of the gel particle by a degradable bond. 

In another embodiment, the surface reactive agent may be a functional macromolecule 
25 such as a bioresponsive molecule, for example, a receptor or ligand for a receptor, an antibody, 
an oligosaccharide, or a recognition element. The bioresponsive molecule may enhance at 
least one surface property of the surface of the gel particle, for example, allowing the gel 
particle to bind to specific targets, such as target cells, or allow transportation of the gel 
particle into specific target environments. 
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In a non-limiting initial step toward demonstrating such utility for biological and 
biomedical applications, we herein report our results on applicability of nanogels as carriers 
for controlled drug delivery scaffolds to target specific cells. 

Stable nanogels were prepared using inverse miniemulsion ATRP and examined their 
cytotoxicity to C2C12 mouse myoblast cells. The biodegradation of nanogels crosslinked 
with degradable disulfide bonds in the presence of the tripeptide glutathione as a 
biocompatible reducing agent were studied. The nanogels were loaded with a fluorescent dye 
and Doxorubicin and examined the in vitro release of these functional molecules from the 
nanogels to demonstrate that glutathione induced degradation triggers the controllable release 
of encapsulated molecules. In addition, bioavailablity, or tailoring a bio-responsive surface 
on the nanogels was demonstrated by conjugation with biotin which in turn binds to avidin 
resulting in the formation of avidin-nanogel bioconjugate gel particles. 

Therefore, in this single non-limiting exemplification of one embodiment of this 
invention, a functional gel particle with a functional crosslinked network is designed to have 
specific molecular composition and architecture which results in incorporation of the 
following functions and specifications into a single designed molecule: 

i) biocompatibility, 

ii) control over the molecular weight of the degradation products (lower than the 
renal threshold), 

iii) delivery to the targeted tumor site, 

iv) degradation triggered by the presence of cancer cells, 

v) controlled rate of release of encapsulated drug, and 

vi) evidence of the sustained activity of the encapsulated drug. 

In a further embodiment of the process, the reversible nature of a fraction of crosslinks 
in the system can be utilized to form a self healing polymer matrix. The reversible crosslinks 
fracture during stress and reform, though not necessarily with the same functional groups 
forming the first crosslink, to provide a similar network to that present prior to the application 
of stress. 

Other embodiments of the present disclosure relate to processes for preparing a gel 
particle, such as those gel particles described herein. In one embodiment, the process may 
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comprise polymerizing by a controlled polymerization process, such as a controlled radical 
polymerization process, for example ATRP, in a biphasic media a polymerization system and 
forming a polymeric network comprising chemically stable crosslinks and cleavable 
crosslinks. The polymerization system according to these embodiments comprises vinyl 
5 monomeric units; at least one first di vinyl monomeric unit, wherein the vinyl groups are 
connected by a chemically stable linking group; and at least one second divinyl monomeric 
unit, wherein the vinyl groups are connected by a cleavable linking group. According to 
specific embodiments, the biphasic media may comprise a continuous aqueous phase or a 
continuous non-aqueous phase. The continuous non-aqueous phase may be an organic phase, 
10 an ionic liquid phase, or a supercritical fluid phase. In those embodiments the biphasic 
polymerizing may comprise a microemulsion polymerization process, a miniemulsion 
polymerization process, an emulsion polymerization process, or a suspension polymerization 
process. 

In certain embodiments of the process for preparing the gel particles, the process may 
1 5 further comprise encapsulating a functional compound within the gel particle during the 
polymerization process. The functional compound may comprise any of the functional 
compounds or guest compounds described herein or known in the art. 

In other embodiments of the process for preparing the gel particles, the cleavable 
crosslinks are reversibly cleavable crosslinks and the process may further comprise cleaving 

20 at least a portion of the reversibly cleavable crosslinks to increase a swelling ratio of the gel 
particle, adding a functional compound, wherein the functional compound migrates or 
diffuses into an interior portion of the swelled gel particle, and reforming at least a portion of 
the reversibly cleaved crosslinks to decrease the swelling ratio of the gel particle to 
encapsulate the functional compound. In specific embodiments, the functional compound 

25 may form a chemical bond with the polymeric backbone of the gel particle, for example, by 
forming a chemical bond with a residue of the reversibly cleaved crosslink. 

Still other embodiments of the process for preparing the gel particles may further 
comprise attaching one or more surface reactive agents to at least a portion of an outer surface 
of the gel particle. The surface reactive agent may form a chemical bond with a functional 
30 agent or residue of a functional agent on at least a portion of the outer surface of the gel 
particle. 
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Further embodiments of the present disclosure relate to a process for delivering an 
active compound, such as the guest molecules or functional compounds described herein, to a 
target site. The process comprises forming a gel particle comprising a polymeric network 
comprising chemically stable crosslinks and cleavable crosslinks by a controlled 

5 polymerization process, such as an ATRP or controlled radical polymerization, encapsulating 
one or more active compounds in an interior portion of the gel particle, delivering the gel 
particle to a target site, cleaving at least a portion of the cleavable crosslinks of the polymeric 
network, and increasing a swelling ratio of the gel particle such that the one or more active 
compounds is released from the interior portion of the gel particle at the active site. The 

10 process may further comprise degrading at least a portion of the chemically stable crosslinks 
over a time period ranging from 7 days to 30 days or more, to form polymer fragments having 
a size and/or molecular weight below the renal threshold. In other embodiments, the process 
may further comprise attaching at least one surface reactive agent to at least a portion of a 
surface of the gel particle. According to these embodiments, the surface reactive agent may 

1 5 form a bond with a functional agent or residue of a functional agent on a surface of the gel 
particle. The surface reactive agent may alter at least one surface property of the gel particle. 

EXAMPLES AND DISCUSSION OF EXAMPLES 

The invention is illustrated but not limited by the following examples, including 
examples describing the applicability of nanogels to biomedical applications as targeted drug 
20 delivery carriers exemplified by loading of fluorescent dyes and anticancer drugs into 

nanogels, biodegradation of the loaded nanogels in the presence of biocompatible reducing 
agents and bioconjugation to agents targeting overexpressed receptors in cancer cells. 

EXAMPLE 1: 

Comparison of Gels prepared by Free Radical Polymerization (FRP) and ATRP. 

25 As noted herein, gels are usually prepared by a standard free radical polymerization 

because of the ease of conducting the process. However, if a gel with an ordered internal 
microstructure is desired a gel prepared by FRP cannot meet the requirement since in a free 
radical co-polymerization (FRco-P) comprising a molar excess of crosslink agents, a gel is 
formed at very low conversion of monomers to polymer since high molecular weight polymer 

30 is formed at low conversion. Furthermore, the composition of gel particles can change as 
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conversion increases if the reactivity of the monomer and crosslink agent differ. Gels from 
CRP processes, such as ATRP, should exhibit a more ordered network with evenly distributed 
mesh size, i.e. degree of polymerization (DP) between crosslink sites can be controlled, since 
each and every chain is growing at close to the same rate and the gel is formed at higher 
5 conversions of monomer to copolymer. {See Figure 14.) 

This is demonstrated herein by comparing the swelling behavior of a gel prepared by a 
CRP with a gel prepared by FRP with the same ratio of monomencrosslink agent. Two 
polymerizations were carried out forming gels by a FRP and by ATRP, respectively. An 
examination of Figure 12 shows the expected difference in swelling behavior. The gel 
10 prepared by a controlled polymerization process swells to a much greater degree as a 
consequence of the more regular structure of the gel. 

In the following series of examples, the run numbers used by the inventor to identify 
the run in the laboratory notebook are retained, but do not have any relevance other than 
provide identification of each experiment. 

15 Run KM 668: Mole ratio of reagents: MMA:EGDMA:AIBN = 400:20:0.625 

Run KM 668, conducted as a FRP, led to formation of a gel after ~ 5 minutes. The 
polymerization was soon stopped by lowering the temperature. The gel was swollen in THF 
and the conversion was measured to be ~22%. The gel was washed several times with THF to 
remove the remaining monomer/initiator. 

20 Run KM 669: Mole ratio of reagents: MMA:EGDMA:EBiB:CuBr/dNbpy = 400:20:1:0.25 

KM 669, a living/controlled ATRP, ended up forming a gel after ~ 240 minutes. The 
polymerization was stopped by exposing the catalyst complex to air and lowering the 
temperature. The gel was swollen in THF and the conversion was measured to be -25%. The 
gel was washed several times to remove the remaining monomer/catalysts. 

25 The gels from both the FRP and ATRP were dried in a vacuum oven for ~1 week then 

0.52 g of each gel was immersed in 1 0 mL toluene for 24 hours. The gel was carefully 
removed from the solvent and weighed. The swollen gel from the FRP weighed 1.084 g; 
while the swollen gel from the ATRP weighed 5.077 g; demonstrating the dramatic difference 
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in swelling ratio between the gels from FRP and ATRP. (Figure 12) The gels from the ATRP 
exhibited a much higher swelling ratio compared with the gel from the FRP, proving that a 
more ordered structure does change the swell-ability of the copolymer. 

The efficiency of encapsulation of guest molecules, and efficiency of releasing the 
5 encapsulated material from the gels prepared by FRP and ATRP is shown to be very different. 
In this example the targeted DP of the polymer backbone prepared by ATRP was 400 but the 
ratio of monomer to added crosslinker provided an average DP between crosslinks = 40. 

EXAMPLE 2: 

Micro-particles comprising a double-crosslinked network. 

10 Microparticles were prepared by ATRP in a miniemulsion system with different ratios 

of permanent crosslinkers and degradable crosslinkers. The interesting characteristics about 
the double-crosslinking system, is that it can predictably open and close the polymeric 
network upon exposure to different redox environments. As a consequence of the 
addition/incorporation of a molar excess of permanent crosslinking agent the gel particle 

1 5 retains a gel structure even after opening the reversible crosslinks. 

2A. First trial example: RUN KM 671, MMA : EBiB : EGDMA : SS : Cu(II)Br 2 : Ascorbic 
acid = 200 : 1 : 5 : 5 : 0.4 : 0.12, (SS = bis(2-methacryloyloxyethyl) disulfide). 

[Ratio of initiator to stable crosslinker to cleavable crosslinker is 1 :5:5 with targeted DP 
between crosslinks equal to 10, at 100% conversion.] 

20 The miniemulsion polymerization led to formation of a microgel with a particle size of 

163 nm. The microparticles were washed with methanol to remove the surfactant, and were 
then dispersed in THF. The particles exhibited a size of 173 nm in THF. However, upon the 
addition of tributylphosphine, the particles didn't show a significant difference in size. This 
means the stable crosslink density was too high for this double-crosslinking system to show a 

25 change in swelling ratio, especially since on average there was five stable crosslinking agents 
per polymer chain, meaning all of the chains remain tightly bonded to each other. Even when 
the disulfide bonds are cleaved the gel cannot swell to a significantly greater extent in THF. 
Note however, that this does not mean that the degradable links did not open, only that the 
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opening did not increase the swelling ratio. The available thiol units could be used to bind 
suitable drugs to the network. 

2B. Examination of the amount of crosslinking agent required for formation of a 
responsive gel. In order to find the lowest amount of the (stable) crosslinking agent to 
5 reliably form a solid gel, two polymerizations were carried out in a bulk reaction: 

KM 677: MMA : EBiB : EGDMA : CuBr/dNbpy = 200 .1:2 : 0.25 

KM 678: MMA : EBiB : EGDMA : CuBr/dNbpy = 200 .1:1 : 0.25 

Run KM 677, with more crosslinking agent, resulted in formation of a gel after 9 
hours. Run KM 678 could not be fully stirred after 9 hours, but it did not form a complete gel 

10 until 20 hours, with air bubbles trapped inside. The kinetic plots (as examined by monomer 
conversion of methyl methacrylate (MMA)) of the two polymerizations were very similar to 
each other (as shown in Figure 4). However, run KM 677 formed a solid gel system that 
could not be dissolved in THF. In contrast, the gel formed in run KM 678 when swollen in 
THF slowly decomposed. The "gel" finally completely dissolved in THF and was be easily 

15 filtered through a 220 nm filter. The molecular weight was measured, (Figure 3), which 

showed that the "gel" was actually a hyperbranched system. The formation of hyperbranched 
polymer demonstrated that a 1 : 1 ratio of crosslinkenintiator is not enough to form a solid gel 
system in a CRP, despite the concept that 1 crosslinker per chain should be enough for 
formation of a gel at 100% conversion. The reason is that it is very difficult to force each 

20 vinyl unit in each and every crosslinker molecule to participate in 

copolymerization/crosslinking reactions. When one of the vinyl groups is incorporated into 
the growing chain, the other vinyl group remains dangling on the side chain of the polymer 
backbone and the reactivity of the vinyl group has been decreased as a consequence of 
chemical and physical interactions. Therefore, in order to guarantee a fully stable crosslinked 

25 system, slightly more crosslinker (i e more than a 1 : 1 ratio of crosslinker/initiator) has to be 
used in the system. If 99% of the available vinyl groups are incorporated into the gel, then 
greater than 1 : 1 .01 ratio, and preferably greater that 1 : 1 .02 ratio, of crosslinker to initiator 
should provide a stable gel. 

2C. Formation of double crosslinked microparticle: Run KM 679: MMA : EBiB : EGDMA : 
30 SS : Cu(II)Br 2 : Ascorbic acid = 200 : 1 : 1 : 0.3 : 0.12. 
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This polymerization was conducted in a miniemulsion polymerization system and 
resulted in the formation of a solid gel after 4 hours. The monomer conversion was —100%. 
The microgel from the miniemulsion polymerization exhibited a particle size of 1 65 nm. 
After washing with methanol (to remove the surfactant), the particles were dispersed in THF 
5 (0.25 g in 10 mL THF) and the size was measured to be 204 nm. 

Tributylphosphine (TBP, 50 yiL) was added to 1 mL of the particle dispersion and the 
change of particle size was tracked by periodic measurement in a particle sizer. As shown in 
Figure 5, the particle size quickly increased to -250 nm and reached a plateau after that. This 
means the volume of each particle increased by 1.84 times as the cleavable links were cleaved. 

10 The above procedure has demonstrated that this crosslinking system comprising a 

cleavable crosslinking agent can be "opened" by exposing the particle to a reducing 
atmosphere. The next step demonstrates that the network can also be closed, if desired. In 
order to remove the remaining tributylphosphine and to oxidize the thiol groups, THF was 
removed from the particle dispersion. The dried particles were washed by suspending in 

15 methanol several times. The final particles were re-dispersed in THF and measured by a 
particle sizer for size analysis. Presumably, if there is a random distribution of stable and 
reversibly cleaved crosslinks after all of the thiol groups are cleaved, the particle size should 
be fixed even after the thiol groups are re-connected to each other. The thiol group has no 
memory of the other thiol functionality which was bonded with it, and thus it can only react 

20 with another thiol group within its shortest reachable distance. Therefore, after cleavage, the 
particle size should be very similar to the biggest size that was detected as was seen for the 
particle with a random distribution of permanent and reversible crosslinks. However, the 
ability of an encapsulated agent to diffuse out of the gel has been reduced by formation of 
additional crosslinks thereby reducing the mesh size of the gel. 

25 EXAMPLE 3. 

Synthesis of microgels with various DP between crosslinks (mesh sizes) and star 
encapsulation. 

In gel synthesis and further applications based on utilization of the gel particle as a 
carrier material, the mesh size of the gel (average length of polymer chains (or DP) between 
30 two crosslinking points) is a parameter that should be considered in order to provide stable 
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encapsulation of the added agent. In ATRP, this parameter is controlled by the targeted degree 
of polymerization, (ratio of monomer to initiator) (DP) and crosslinker (DP/X). In the 
following series of examples, the stable crosslinking level is held a constant (1.2 per 
crosslinking molecules per chain) and the DP of the backbone chains between the cleavable 
5 crosslinks are varied. 

The following ratios of reagents were used for the initial two runs under standard 
ARGET ATRP conditions, [see, Patent Application PCT/US06/33792] 

Run KM 687 MMA: EBiB: EG DMA: -SS-: Cu(II): Ascorbic acid = 300: 1: 1.2: 1: 0.3: 0. 12 
Run KM 689 MMA: EBiB: EGDMA: -SS-: Cu(ll): Ascorbic acid = 400: 1: 1.2: 1: 0.3: 0.12 

10 The ability of a loosely crosslinked gel to encapsulate a large complex molecule was 

initially exemplified by encapsulation of a multi-arm star macromolecule into a preformed gel. 
The size of star was measured by dynamic light scattering. Two peaks were observed; one 
with particle diameter ~ 16 nm and the other —130 nm. The larger peak was considered to be 
formed by aggregation of the smaller star macromolecules. The gel particles were mixed with 

15 stars and the various steps of the process are listed in Table 1 below and illustrated 
schematically in Scheme 4. 



Table 1. Various conditions examined in Run KM 696 to show encapsulation 



Gel 


Sample 


First Step 




Second Step 


KM 687 
DP=300 


A 


50 hours with polyBA 
star without TBP 






B 


50 hours with polyBA 
star with 50 uL TBP 


KM 696 
Bl 


Continue in reducing environment 


KM 696 
B2 


Oxidized for 20 hours 


KM 689 
DP=400 


C 


50 hours with polyBA 
star without TBP 






D 


50 hours with polyBA 
star with 50 uL TBP 


KM 696 
Dl 


Continue in reducing environment 


KM 696 
D2 


Oxidized for 20 hours 
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During the first step, each gel was mixed with the polyBA stars with or without the reducing 
agent. The purpose of such comparison was to show that without the action of the added 
reducing agent, it would be more difficult for the stars to move or diffuse inside the microgels 
and be encapsulated by the gel. This was exactly what happened. During the dynamic light 
5 scattering measurement after Step 1 , both B and D showed a single peak (440 nm and 5 1 5 nm, 
respectively), indicating that the gel particles had been "opened" by cleavage of the disulfide 
links and that all of the star molecules were already encapsulated within the microgel. 




20 Scheme 4. Stepwise "opening," encapsulation and "closing" of a dual responsive gel 

microparticle. 

In contrast, both A and C showed two peaks. A had two peaks at 102 nm and 3 10 nm, 
while C had two peaks at 143 nm and 425 nm. This means, the small stars had diffused into 
the microgel cavities, even without cleavage of the disulfide linkages, but the relatively large 
25 star aggregations could not diffuse into the gel system. It is worth noting that during this step 
the DP of the gels was not affecting the results, because the segment length between 
crosslinks, when targeting DP's 300 and 400, are both long enough to allow for encapsulating 
20 nm stars and even -120 nm star aggregations. 
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During Step 2, samples B and D were split into two parts. One part was retained in 
the reducing environment, while the other part was subject to oxidation. This step was 
designed to show that after oxidation and the resulting sealing, or "closing" of the system, by 
reforming disulfide linkages would help anchor/ stably encapsulate the stars inside the gel 
5 cavities. In this step, different DP of the targeted or envisioned backbone of the gel showed 
different results. According to DLS measurement, the DP 300 gel (B2) showed two peaks 
after oxidation (150 and 420 nm), indicating the already encapsulated star-aggregations 
diffused out of the microgel during the oxidation process. Considering B 1 still showed a 
single peak at 440 nm, a possible explanation for the two peaks seen in sample B2 could be 

10 that because of the shrinkage of the gel during the oxidation process, the relatively big star- 
aggregations were squeezed out of the microgel. With a higher DP of 400, gels showed better 
encapsulation capacity, reflected by the single DLS peak of sample D2 (430 nm). Dl still 
showed single peak at 510 nm. The difference between Dl and D2 indicates the microgel 
system shrank after oxidation. But because of the relatively large mesh size, the large star- 

15 aggregation was still stable inside the gel formed with a target backbone DP of 400. 

In short, when the average DP of the backbone copolymer is high, e.g. 300, small 
individual star molecules can be encapsulated in the gels; however, aggregated star 
macromolecules, diameter of the stars +120nm, can only diffuse into the cleaved gel system, 
and can diffuse out of the gel 1) as the disulfide linkage is sealed again and/or 2) if the mesh 

20 size is not small enough to retain the aggregates in the system. The schematic may lead one 
to think the stars (at least the small ones) were stably encapsulated by enthalpy in the 
microgel system. However, this is not necessarily true: this encapsulation could be 
considered to be unstable because there was no specific bonding existing between host (gels) 
and guest (stars), the guest can diffuse out of the gels during the post-encapsulation 

25 isolation/transportation processes since only chemical affinity, Van der Waal's forces, retained 
the materials within these loose networks. However, chemical affinity can provide a stable 
transportable particle, e.g. after centrifugation, the supernatant was analyzed by DLS. In each 
case, the supernatant showed the same peaks (position and distribution) as the original stars. 
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EXAMPLE 4: 

Modification of microgel-surface properties. 

ATRP of aqueous dispersed media can be used to prepare hydrophobic microgel 
particles with potential for post fabrication property manipulation. One of the primary 

5 advantages of ATRP is the maintenance of functional groups arising from the transferable 
atom or group that remain inside the microgel and are accessible to monomer units or other 
small molecule chemistry including chemical modification for targeted encapsulation of 
functional drug/bio-active molecules. Therefore, in one embodiment of the invention, these 
chain-end functionalities can either be chain extended by polymerizing other monomers or 

10 oligomers and these second dangling polymer chains can significantly change the surface 
property of the microgel or, in another embodiment of the invention, the functionality can be 
used to attach a surface reactive or modifying functionality or bio-response molecule or agent 
to the surface of the first gel. This is exemplified below by reacting the terminal halide groups 
with biotin using a carbodiimide coupling reaction in water. 

15 In order to prove this concept, a PMMA microgel was prepared. The polymerization 

was stopped at monomer conversion ~50 %. 



KM718 






KM 717 




PMMA 


0.02 g 




PMMA 


0.02 g 


HEMA 


6 mL 




DMAEMA 


6 mL 


CuCl 


0.0074 g 




CuCl 


0.0053 g 


CuC12 


0.0011 g 




CuC12 


0.0008 g 


bpy 


0.0258 g 




bpy 


0.0185 g 


acetone 


0.2 mL 




acetone 


0.2 mL 


Temp 


35 °C 




Temp 


35 °C 


Reaction Time 


24 h 




Reaction Time 


24 h 



After the reactions were stopped each mixture was subjected to centrifugation to 
separate the microgel from the solvent. The microgel with polyHEMA at the surface 
20 (presumably) was easily dispersed in methanol. The microgel with polyDMAEMA was easily 
dispersed in acidic water solution. These results indicate a successful chain extension from 
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the chain-end functionality that remained in the PMMA microgel during the first 
miniemulsion ATRP and confirm the formation of a hydrophilic shell on the first formed 
hydrophobic gel that allows dispersion in a more polar medium. 

EXAMPLE 5. 

5 Fluorescent dye synthesis and incorporation of functional material into gel particles. 

In order to exemplify formation of a weak or chemically reversible chemical bond, i.e 
create specific bonding between the chemical species that is to be encapsulated and the gel, a 
thiol-containing fluorescent dye guest molecule was designed and constructed using the 
following procedures. 



10 




Scheme 5. Procedure for preparation of a reactive fluorescent dye. 



Formation of 1: 0.2230 g potassium thioacetate was mixed with 0.4120 g bromomethylacetyl 
20 pyrene in 1 0 mL DMF. The mixture was stirred at 60 °C overnight ( 1 2 h) and cooled to room 
temperature. The mixture was then poured to 60 mL of cold water. A yellow precipitate was 
observed and was filtered off. The organic part was extracted three times with 40 mL ethyl 
acetate. The collected organic solutions were combined and dried over Na2SC>4 before being 
concentrated by rotary evaporator. The crude product was a dark brown solid. It was re- 
25 crystallized from methanol and brown-red powder was obtained. (0.2485 g, yield: 62%) *H 
NMR was used to confirm the purity of the product. 

Formation of 2: 0.2 g sodium was dissolved in 10 mL methanol at room temperature while 
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nitrogen was bubbling through the liquid. 0.16 g of 1 was added to the solution and the 
mixture stirred under nitrogen overnight (12 h). Glacial acetic acid was added drop by drop to 
the solution to acidify the system and then the mixture was poured into 20 mL cold water. 
The mixture was filtered and dried in vacuum. A brownish powder, 2, was obtained. (0.06 g, 
5 yield: 42%) The product was not further purified before use. 

Compound 2 was then mixed with 0.025 g of gel particles KM 687 in THF for 2 days. After 
five cycles of centrifugation - redispersion in THF, the supernatant was analyzed by UV-Vis 
measurement and no obvious peak was detected, meaning all free dyes molecules had been 
removed from the system. The solid gel sample was still a light yellow color, indicating there 
10 were fluorescent molecules inside the microgel particle. 

EXAMPLE 6. 

Synthesis of gel containing bcnzothiazol disulfide groups and incorporation of thiol- 
functionalized polymers. 

In the above examples, a concentration effect was employed to drive guest molecule 
15 into microgels, but the efficiency of this process is expected to be low and the encapsulated 
guest molecules may possibly be released from gel at any time the environment outside the 
gel changes to favor elution. Introduction of any reversible driving force (such as hydrogen 
bonding or disulfide bonding) can keep the guest molecules from "leaking" out of the gel 
particle until the bond is broken at the target area or at the preprogrammed time. In this 
20 example, a thiol-containing functional polymer as the guest (a guest molecule modeling the 
size of proteins) is designed to react with a protected-thiol-functionalized gel. Since the thiol 
group has a high k, r , a protected thiol functionality was used during the polymerization. 

A benzothiazol disulfide molecule containing an ATRP initiator functionality was 
synthesized using the approach shown in Scheme 6. The protected group (benzothiazole) is 
25 designed to be easily replaced by another attacking alkyl thiol and form alkyl disulfide bond. 
This was exemplified by fast reaction of the synthesized initiator 2-mecaptaethanol at room 
temperature. The success of the reaction was evidenced by NMR spectrum (see, Figure 6). 
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Scheme 6. Synthesis of benzothiazole disulfide ethyl 2-bromoisobutyrate (B-SS-Br) ATRP 
initiator. 

It was found that this initiator is sensitive to heat since at 60 °C any attempt to conduct 
5 a polymerization resulted in formation of a white precipitate and no conversion was observed. 
Nevertheless ATRP of HEMA and MMA with this initiator was successfully performed at 
room temperature (-30 °C). 

Synthesis of polyHEMA-Br linear polymer. The ratio of reagents employed in the reaction 
and reaction conditions were: 

10 [HEMA] (4 mL) : [B-SS-Br] : [CuBr] : [CuBr 2 ] : [bpy] = 100 : 1 : 0.45 : 0.05 : 1 in MeOH 
(0.8 mL)/MEK (1 .2 mL) at 30 °C. After 1 .25 hours the reaction was terminated and the 
polymer had M n = 18k and PDI 1.42. 

In order to provide a simple route for analysis of the tethered polymers to the gel 
under fluorescent microscopy fluorescein methacrylate (F-MA) was used as a comonomer in 
15 a copolymerization with HEMA 

Synthesis of polyHEMA-Br linear polymer with fluorescein methacrylate (F-MA) as 
functional comonomer. The ratio of reagents employed in the reaction and reaction 
conditions were: 

[HEMA] (2 mL) : [F-MA] (0.135 g) : [B-SS-Br] : [CuBr] : [CuBr 2 ] : [bpy] = 98 : 2 : 1 : 0.45 : 
20 0.05 : 1 , in MeOH (0.6 mL)+MEK (0.9 mL)+DMF (0.5 mL) at 30 °C. 
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After 5.83 hours the reaction was terminated and the polymer had M n = 12k and PDI 1 .5 

The functional linear polymers were introduced into the gel and the enhanced uptake 
effect measured. These polymers can be reduced to form polymers with one terminus 
containing a thiol-functionality, which is a model of a functionalized guest molecule. The 
5 protected thiol group in the guest molecule was first deprotected by BU3P reduction. The 
unprotected thiol group is stable under air for several days, which has been proved by the 
stability of 2-mecaptoefhanol under air. In order to make a model for controlled uptake and 
delivery of guest molecules, a weak disulfide bond should be incorporated in the gel. In this 
way, a thiol-containing molecule can easily cleave the disulfide crosslinks within the gel and 

10 then be bonded to the gel by formation of a new disulfide bond thereby enhancing the uptake 
of the polymers into the gel. The encapsulated guest molecules could also be released from 
the gel after the breaking of the weak bond by presence of a reducing environment at the 
target delivery site. Therefore, gels containing the benzothiazol disulfide groups were 
prepared from MMA and HEMA (under the same polymerization condition as those used for 

1 5 ATRP of linear polymers). These thiol-functionalized polymers will be added to a suspension 
of the gel particles, stirred for a period of time, centrifuged and washed. The gel particles 
now comprising tethered linear polymer chains will then be exposed to a reducing agent and 
the gel particles centrifuged leaving a solution of the linear polymers. This procedure will 
validate the concept that a thiol-containing molecule can easily cleave the gel and then be 

20 bonded to the gel, thereby enhancing the uptake of the polymers into the gel. The 

encapsulated guest molecules could also be released from the gel after the breaking of the 
weak bond by presence of a reducing environment at the target delivery site. 

EXAMPLE 7. 

Preparation of hydrophilic nanogels in the presence of double crosslinkers. 

25 A water-soluble dimethacrylate stable crosslinker (DMA-PEO) was synthesized using 

a carbodiimide coupling reaction of poly(ethylene glycol) (PEG with M = 4,600 g/mol) with 
methacrylic acid (MAA) in the presence of DCC and DMAP in methylene chloride. 

7A. MAA (0.28 g, 3.56 mmol) was added to a solution of PEG (6.8 g, 1.47 mmol), 
DCC (0.6 g, 3.56 mmol), and a catalytic amount of DMAP in an ice bath at 0 °C. The 
30 resulting mixture was allowed to stir at room temperature overnight. The formed solids were 
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removed by vacuum filtration and solvents were removed. The solids were dissolved in water 
and undissolved solids (probably residual DMAP and dicyclohexyl urea by-product) were 
removed, and the products were extracted from methylene chloride, isolated by evaporation, 
and dried in a vacuum oven. 

5 Synthesis of stable crosslinkers with different molecular weights. Similarly, DCC coupling 
reaction was used to synthesize various DMA-PEO crosslinkers with different molecular 
weights (MW = 2,000 and 1,000). Their structures were confirmed by NMR. 

7B. A series of inverse miniemulsion AGET ATRP's were conducted by varying the 
amount of DMA-PEO from 1/1 to 4/1 as the ratio of [DMA-PEO] 0 /[PEO2000-Br initiator^. 

1 0 A standard recipe was used in all the reactions: [OEOMA300] 0 /[PEO2000-Br] 0 /[CuBr2- 

TPMAMAscorbic acid] 0 = 300/1/0.5/0.45. For [DMA-PEO] 0 /[PEO2000-Br initiator] 0 = 1/1, 
samples taken from reaction mixture appeared to be soluble in THF. From GPC 
measurements, conversion was around 40%, which was constant after one hour until 1 day. 
This is relatively low, compared to runs without DMA-PEO crosslinker (conversion > 70%). 

1 5 In addition, a large shoulder at higher molecular weight region was observed, which indicates 
the formation of branched polymers due to the presence of crosslinkers. Unreacted DMA- 
PEO crosslinker was also observed. Therefore, the ratio of [DMA-PEO] 0 /[PEO2000-Br 
initiator]o was increased to 2/1 and further to 3/1 and 4/1 . The sizes of particles dispersed in 
cyclohexane were around 140 - 170 nm in diameter with a monomodal distribution. The 

20 polymer samples dried at room temperature did not appear to be able to be dissolved in THF 
and filtered with 0.2 um PFFE filter, indicating that particles were crosslinked during 
polymerization in the presence of larger amounts of DMA-PEO crosslinker. These particles 
were precipitated in THF, aliquots of the precipitates were mixed in THF, and the mixtures 
were analyzed by DLS. When [DMA-PEO]o/[PE02000-Br initiator] 0 = 4/1, the size of 

25 particles was 1 56 nm in diameter dispersed in cyclohexane. After precipitation into THF and 
then redispersion in THF, the size was 280 nm with monomodal distribution, indicating that 
crosslinked particles remained intact as individual particles in THF. The increase in the 
diameter of the crosslinked particle from 156 nm to 280 nm was caused by their swelling in 
THF. 
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EXAMPLE 8: 

Open-close experiments for doubly-crosslinked nanogels. 

Introduction of degradable crosslinker. To demonstrate the feasibility of open-close 
behavior of hydrophilic nanogels, a degradable crosslinker (DMA-SS, 1.35 mol%) was 
5 introduced to inverse miniemulsion polymerization with [DMA-SS]o/[DMA]o/[I]o = 4/4/1 . 

Nanogels were prepared as in Example 7 and the size of nanogels when swollen in 
THF was 242 nra. In the presence of tributyl phosphine, which opens the disulfide crosslink, 
the size increased to 306 nm with monomodal distribution. Then, the degraded, or opened, 
gels were purified to remove tributyl phosphine. Oxidation of the thiol functionality to 
10 disulfide in the nanogels in air was conducted and size measured at 286 nm. 

EXAMPLE 9: 

Biodegradable nanogels as potential drug delivery carriers: synthesis, bio-conjugation, 
bio-degradation, and in vitro release of encapsulated drugs. 

01igo(ethylene oxide) monomethyl ether methacrylate with M = 300 g/mol and 
15 pendent EO units DP * 5 (OEOMA, Aldrich) was purified by passing it through a column 
filled with basic alumina to remove inhibitor. Copper(II) bromide (CuBr2, 99%), L-ascorbic 
acid (AscA, 99+%), and phosphate buffer solution (PBS, pH = 7.4) from Acros, sorbitan 
monooleate (Span 80), cyclohexane (HPLC grade), and rhodamine 6G (R6G) from Aldrich, 
and glutathione ethyl ester (y-Glu-Cys-Gly-OEt, reduced form), d-biotin (99%), doxorubicin 
20 hydrochloride (Dox), avidin, and fluorescein isothiocyanate-labeled avidin (FITC-avidin, 

contained 2-4 moles fluorescein isothiocyanate per avidin molecule) from Sigma were used 
as received. Tris[(2-pyridyl)methyl]amine (TPMA) was prepared according to literature 
procedures. A disulfide-functionalized crosslinker, dithiopropionyl polyethylene glycol) 
dimethacrylate (DMA) (Scheme 7), and a water-soluble polyethylene oxide) (PEO)- 
25 functionalized bromoisobutyrate (PEO2000-Br, pendent EO units DP « 45) were synthesized 
and purified. 

While the DP of the PEO units in DMA formed in scheme 7 is ten, more or less units 
could be present in any designed oligo-polymeric crosslinking agent. 
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Scheme 7. A synthetic route to dithiopropionyl poly(ethylene glycol) dimethacrylate (DMA). 

C2C12 mouse myoblast cells were purchased from ATCC (number CRL-1772). 
5 Dulbecco's Modified Eagle Medium (DMEM) was obtained from Invitrogen/Gibco (1 1 995- 
065). The LIVE/DEAD Viability/Cytotoxicity Assay Kit (Molecular Probes, L-3224) and the 
CyQUANT Cell Proliferation Assay Kit (Molecular Probes, Invitrogen, C-7026) were used as 
recommended by the company. Unless otherwise noted, all chemicals and reagents were 
obtained from commercial sources and used as received. 

10 Avidin/HABA binding assay. A stock solution consisting of Avidin (5.3 mg), HABA (2.1 
mg), and PBS (2 mL) was prepared. An aliquot of the stock solution (3 mL) diluted with PBS 
(2mL) was mixed with biotin-conjugated nanogels (4.5 mg) and the resulting mixture was 
stirred for 12 h. The UV-vis spectra of the solution before and after the addition of biotin- 
nanogels were measured. 

1 5 Optical Fluorescence Microscopy measurements. Total Internal Reflection Microscopy 
was used to take the fluorescence images. A 488 nm laser beam from an argon-ion laser 
(BeamLok 2060, Spectra-Physics) is passed through various optics to an Olympus PlanApo 
60X oil immersion objective (N.A. = 1.45) mounted on an inverted IX-71 Olympus 
microscope. The Cool Snap HQ CCD camera mounted to the left port of the microscope was 

20 used for imaging at 500 ms exposure time. The laser power was measured at 1 mW, prior to 
passage through the objective, and a 515 nm long pass and 540/50 nm bandpass filter were 
used to filter scattered light. 
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Determination of extinction coefficient of Dox in PBS buffer. A series of aqueous 
solutions of Dox at different micromolar concentrations ranging from 21.2 to 77.5 uM was 
prepared and their UV spectra were measured (Figure 7a). Their absorbance at 497 nm was 
plotted vs. concentration. From the linear fit, the extinction coefficient of Dox was 
5 determined to be e = 7,600 M" 1 cm" 1 in PBS (Figure 7b). 

Preparation, characterization, and purification of crosslinked P(OEOMA) nanogels. 

AGET ATRP of OEOMA in cyclohexane inverse miniemulsion was utilized for the synthesis 
of stable crosslinked nanoparticles of P(OEOMA) in the presence of DMA crosslinker. A 
typical procedure is as follows: OEOMA (1.4 g, 4.67 mmol), DMA (78.2 mg, 0.06 mmol), 

10 PEO2000-Br (33.4 mg, 0.016 mmol), TPMA (2.3 mg, 0.008 mmol), CuBr 2 (1.7 mg, 0.008 
mmol), and water (1 .4 mL) were mixed in a 50 mL round bottom flask at room temperature. 
The resulting clear solution was mixed with a solution of Span 80 (1.0 g) in cyclohexane (20 
g), and the mixture was sonicated for 2 min in an ice bath at 0 °C to form a stable inverse 
miniemulsion. The dispersion was transferred into a 50 mL Schlenk flask, and then bubbled 

1 5 with argon for 30 min. The flask was immersed in an oil bath preheated to 30 °C, and then an 
argon-purged aqueous solution of AscA (0.094 mmol/mL, 0.007 mmol, 74 uL) was added via 
syringe to activate the catalyst and start the polymerization. The polymerization was stopped 
at 2 h by exposing the reaction mixture to air, resulting in the stable dispersion of crosslinked 
P(OEOMA) nanogels. 

20 To prepare OH-functionalized crosslinked P(OEOMA) nanogels, a similar procedure 

was applied except that an aqueous solution of 2-hydroxyethyl acrylate (HEA), 54 mg, 0.47 
mmol in water (1 mL) was added after 60 min, (10 mol% of OEOMA) at ca 30% conversion 
during inverse miniemulsion ATRP of OEOMA (Scheme 8) and then the reaction mixture 
was allowed to stir at 30 °C for 12 h. The polymerization was stopped by exposing the 

25 reaction mixture to air. The resulting P(OEOMA-co-HEA) is a gradient copolymer with HEA 
units located mostly at the end of the gradient block copolymers since methacrylates are more 
reactive than the corresponding acrylates. DLS measurement shows that the average particle 
sizes were 225 ± 24 nm for the homopolymeric nanogels and 236 ± 29 nm for OH-containing 
nanogels, indicating an increase in the average size of OH-nanogels by 10 nm after the 

30 addition of HEA. After purification, the facile functionalization of the OH-nanogels was 
demonstrated by reaction with biotin (Vitamin H) using a carbodiimide coupling reaction, 
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where the pendant OH groups on the nanogels were reacted with the carboxylic acid groups of 
biotins in the presence of N-(3-dimethylaminopropyl)-A^-ethylcarbodiimide hydrochloride 
(EDCH) in DMSO (Scheme 8). 



OEOMA 




5 Scheme 8 

Excess biotins were removed by extensive dialysis in aqueous NaHC03 solution and 
the biotin-functionalized nanogels were lyophilized. Molecular weights of degraded polymers 
were determined by gel permeation chromatography (GPC), with THF as eluent at 35 °C at a 

10 flow rate of 1 mL/min and linear poly(methyl methacrylate) (PMMA) standards for 

calibration. Conversion was also determined using GPC by following the decrease of the 
macromonomer peak area relative to the increase in the polymer peak area. Particle size and 
size distribution were measured by dynamic light scattering (DLS) on High Performance 
Particle Sizer, Model HP5001 from Malvern Instruments, Ltd. The sizes are expressed as D av 

15 ± S (average diameter ± standard deviation). The crosslinked nanogels were purified as 
follows: the dispersion was transferred to a centrifuge tube where the addition of THF 
resulted in the precipitation of the nanogels which were separated by centrifugation (15,000 
rpm x 20 min) and subsequent decantation of the supernatant. In this way, THF-soluble 
species including unreacted monomers and Span 80 (surfactant) were removed. The 

20 precipitate was then dried in a vacuum oven at 30 °C for 2 h to yield the nanogels. 

Live/dead cytotoxicity assay. The dried nanogels were further purified by dialysis in water 
for 7 days to remove residual copper species. The resulting dispersion of nanogels was spin- 
coated onto glass cover slips. Residual solvents were removed under vacuum, and the 
polymer coated cover slips were placed into the wells of 24-well culture plates and sterilized 
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by washing with 70 % ethanol for 5 min, followed by five PBS washes (for 5 min each). 
Control surfaces were tissue culture polystyrene. C2C12 cells were cultured in complete 
DMEM containing 10 % fetal bovine serum and 1 % penicillin-streptomycin. 5 x 10 4 cells 
suspended in 1 mL complete DMEM media were added to each well. After 24 h incubation 

5 of C2C12 cells with nanogels, DIC and fluoresce microscopy was used to visualize live and 
dead cells. Live cells were viewed with green fluorescence using the FITC filter, while dead 
cells were viewed with red fluorescence using the Rhod filter. The combined images are 
shown in Figure 8. Careful counting of live/dead cells indicated over 89% viability of C2C12 
cells in the presence of nanogels, compared with 95% viability of C2C12 cells in the absence 

1 0 of nanogels as a control experiment. These results suggest that nanogels of P(OEOMA) 
prepared by inverse miniemulsion ATRP are nontoxic to cells and biocompatible. 

Encapsulation of R6G in nanogels. The dried nanogels (33.1 mg) were allowed to stir in 
water (10 mL) for 2 days to become fully swollen, and then mixed with R6G (15 mg, 0.03 
mmol). The resulting reddish mixture was stirred for 3 days, and then transferred to a dialysis 

15 tubing (MW cut off = 6-8 kDa) in water. Excess R6G was removed by extensive dialysis in 
water. The loading level of R6G into nanogels was determined to be ca. 9 % (0.09 mg 
R6G/mg polymer). An increase in the ratio of initially added fluorescent dyes to nanogels 
resulted in the increased loading level of fluorescent dyes into nanogels. One can assume that 
the driving force was amphiphilic due to the nature of R6G and PEO, leading to their ionic 

20 and hydrophobic interactions. 

R6G release from nanogels in cell media. The nanogel was spread onto the bottom of 12 
wells in a 24-well tissue culture plate (with 4 wells of control). Each well contained ~ 0.1 mg 
gel. 5 x 10 4 C2C12 cells were plated in each well along with 1 mL of media. After 4 hours, 
the cells were visualized. 4 hours was required to permit cell attachment to the surface. After 

25 24 hours, the cells were visualized again before and after adding Hoechst blue. Hoechst blue 
entered the cells and stained the nucleus blue. This compound was added to create some 
distinction between the dyes. Glutathione (6 mg) was dissolved in 2 mL media. The 
glutathione solution (150 uL) was added to each well. After 45 hours, the media was 
aspirated off, 200 jiL of IX PBS was added and the wells were imaged. The typical optical 

30 fluorescence microscopy (OFM) image of the R6G-loaded nanogels were examined and 

compared to the OFM image of the controlled nanogels without fluorescent dyes the distinct 
bright spots on the dark background indicate that dyes were localized in the nanogel particles. 
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Upon addition of glutathione in water, the nanogels degraded into individual polymeric 
chains, resulting in the release of the R6G dyes and in contrast, a diffuse fluorescent signal in 
the background of the OFM image points out the release of dyes from the nanogels. These 
results demonstrate that bio-degradation of the nanogels could indeed trigger the release of 
5 encapsulated drugs in a reducing environment, through disulfide-thiol chemistry. 

Next, in vitro release of R6G fluorescent dyes from R6G-loaded nanogels was 
demonstrated in cellular environments. The DIC and fluorescent images of C2C12 cells 
incubated with R6G-loaded nanogels before and after degradation in the presence of 
glutathione were examined. Before the addition of glutathione to a mixture of C2C12 cells 

1 0 incubated with R6G-loaded nanogels, red fluorescence was only localized in large R6G- 
loaded nanogels. None of cells were stained by free or released any R6G dye which was 
confirmed by comparison of the corresponding DIC images showing the location of cells. 
When glutathione was added, nanogels were degraded to release R6G dye, which entered and 
stained the cells. Furthermore, most cells in the presence of glutathione survived, since 

1 5 glutathione is biocompatible. 

Loading of Doxorubicin into nanogels. Doxorubicin (Dox, called adriamycin or 
hydroxyldaunorubicin) is a DNA-interacting drug widely used in chemotherapy. Dox is 
water-soluble with some hydrophobic character. Dox has both amino and hydroxyl functional 
groups which have often been used as sites for conjugation to macromolecules, resulting in 

20 the formation of polymer prodrugs and polymer micelles useful as drug delivery carriers. The 
dried nanogels (35 mg) were allowed to stir in water (7 mL) for 2 days to become fully 
swollen, and then samples were mixed with different amounts of Dox. The resulting mixtures 
were stirred for 3 days, and then centrifuged to precipitate reddish Dox-loaded nanogels. The 
UV spectra of the supernatants were measured. Using the Beer-Lambert equation with the 

25 predetermined extinction coefficient of Dox (e = 7,600 M' 1 cm" 1 ) and the absorbance at 497 
nm, the amounts of Dox in the supernatants were determined, ultimately leading to the 
amounts of Dox loaded into nanogels. 

Doxorubicin release from nanogels in cell media. Using standard cell culture techniques, 5 
x 10 4 HeLa cells were added to each well of a 24-well plate and cultured in complete DMEM 
30 for 24 h to permit cell attachment to the surface. After this time period, Dox-loaded nanogel 
(16%, 1.5 mg) was added to four wells (for each nanogel sample), leaving 12 wells with no 
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gel to serve at control. After another 24 hours (48 hours total), the media was removed from 
10 of the wells (6 samples, 4 controls) and a live/dead cell assay was performed to measure 
the toxicity of the gel before addition of the reducing agent. After performing this analysis, 
glutathione (0.2 mg) dissolved in sterile PBS, was added to each well containing the nanogels 
5 and 6 of the control wells. Additionally, free Dox (1 mg) was added to 3 of the control wells. 
After one more day (72 hours total), the media was removed from 7 of the wells (3 samples, 4 
controls) and a live/dead cell assay was performed to measure the toxicity after addition of the 
reducing agent and facilitated Dox release. After the cells were cultured for another 24 hours 
(96 hours total), the media was removed from 7 of the wells (3 samples, 4 controls) and a 
10 live/dead cell assay was performed to measure the toxicity after addition of the reducing agent 
and facilitated Dox release. Table 2 presents the detailed results. 

Table 2. Loading level and efficiency of Dox into nanogels 
Dox/Nanogels Loading Level Loading efficiency 

(wt ratio) (wt%) (wt%) 

0.07/1 5A 70 

0.35/1 16.4 51 

The loading level of Dox into nanogels (amount of Dox in nanogels) increased from 5.4 wt% 
1 5 to 16.4 wt% when the initial ratio of Dox/nanogel in mixture increased from 0.07/1 to 0.35/1 . 
The loading efficiency (amount of Dox loaded in nanogels versus added to mixture) was as 
high as 50 - 70%; however the efficiency decreased as the amount of Dox added to mixtures 
increased. This type of increase in adsorption may be due to an increase in the extent of both 
hydrophobic and hydrophilic interactions between Dox and OEG segments, because they 
20 have dual characteristics. 

To confirm the non-limiting exemplary concept that Dox-loaded nanogels will be 
degraded upon the addition of glutathione in cellular media and in turn, the released Dox 
molecules will kill cancer cells, HeLa cancer cells were incubated with and without 16.4% 
Dox-loaded nanogels. The cell viability was measured at the 48-hour time point using 
25 live/dead staining to estimate the cytotoxicity of the Dox-loaded nanogel before addition of 
the reducing agent. After performing this analysis, glutathione was added to the wells 
containing the nanogels and free Dox was added to some control wells without nanogels. The 
resulting mixtures were maintained for another 48 h. Figure 9 shows the results of cell 
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viability. Before addition of glutathione and free Dox, it was interesting to observe that the 
viability of HeLa cells in the presence of Dox-loaded nanogels was similar to the control. 
This suggests that most Dox remained in the nanogels with no significant non-specific 
leaching of Dox from the nanogels. This minimization of non-specific release of drugs during 
5 circulation in the blood will be a significant factor for the in vivo application of the nanogels 
as drug delivery carriers. Upon the addition of glutathione, the nanogels were degraded and 
released Dox to kill HeLa cells. From an analysis based on live/dead cytotoxicity assays after 
Dox release, the cell viability was ca. 52% in the presence of Dox-loaded nanogels, which is 
lower than that for the control (93%) but around 7 times higher than that (7%) in the presence 

10 of free Dox. However, the level of viability is similar in both cases, since the amount of free 
Dox added was 6-7 times larger than that in Dox-loaded nanogels. This experiment 
demonstrates that the Dox-loaded nanogels are essentially nontoxic before addition of the 
reducing agent (48-hour mark in the graph), but after the reducing agent is added, the drug is 
released, and the cell growth is significantly inhibited due to the presence of released Dox (96 

15 h mark). 

Synthesis of biotin-functionalized nanogels. An aliquot of the purified OH-functionalized 
nanogels (0.3 g, 0.1 mmol HEA units assumed with 100% conversion) was mixed with 
dicyclohexyl carbodiimide (24.7 mg, 0.12 mmol) in DMF (5 mL). Biotin (29.3 mg, 0.12 
mmol) was added to the reaction mixture at 0 °C in an ice bath, and then the resulting mixture 
20 was stirred at room temperature for 12 h. The products of biotin-conjugated nanogels were 
purified as follows: The reaction mixture was transferred to dialysis tubing and excess biotin 
was removed by extensive dialysis in aqueous solution of NaHC0 3 for 5 days. The biotin- 
nanogels were then lyophilized and further dried in a vacuum oven at 30 °C for 12 h. 

The bioavailablity of biotin present in the OH-functionalized nanogels to its protein 
25 receptor was evaluated by the avidin/HABA binding assay and optical fluorescent microscopy 
(OFM). The avidin/HABA assay allows determining the amount of biotin in the 
functionalized nanogels. Figure 10 shows the UV-vis spectra of avidin-HABA complex 
before and after addition of biotin-functionalized nanogels. Upon the addition of biotin- 
functionalized nanogels, absorbance at 500 nra sharply decreased from 0.79 to 0.27, 
30 indicating that the biotin molecules in the nanogels competitively bind to avidin, by replacing 
HABA molecules. Using the calibration plot of free biotin in water, reported by Wooley and 
coworkers, [Qi, K.; Ma, Q.; Remsen, E. E.; Clark, C. G., Jr.; Wooley, K. L. J. Am. Chem. 
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Soc. 2004, 126, 6599] the difference of absorbance allows determination of the amount of 
biotin in nanogels to be 16.7 nmol/mg polymer, which corresponds to 142,000 biotin 
molecules available in each nanogel particle, based on the size of nanogels in water, 310 nm 
in diameter. Fl 

5 The bioavailability of biotins in nanogels was further demonstrated by mixing the 

biotin-functionalized nanogels with FITC-avidin in PBS buffer. The formation of aggregates 
of avidin-biotin-nanogels was observed by optical fluorescence microscopy. As shown in 
Figure 15, the distinct bright spots on the dark background indicate the formation of complex 
of biotin-nanogels with FITC-labeled avidin. The large fluorescent spots may indicate the 
1 0 formation of large aggregates since each avidin has four binding pockets to biotin. Such 
formation of aggregates of avidin and biotin-functionalized polymers was also found in 
literature. 

Figure 1 1 shows the extent of degradation (weight faction of remaining nanogels) in 
the presence of different amounts of glutathione expressed as the wt ratio of 

1 5 glutathione/nanogels. In the absence of glutathione, the weight fraction of nanogels was 

almost 100%, indicating no significant degradation. However, in the presence of glutathione, 
the weight fraction of nanogels was decreased as a function of time, indicating the occurrence 
of degradation. The degradation rate of nanogels increased with the amount of glutathione. 
For example, in the presence of ca. 20 wt% of glutathione, over 85% nanogels were degraded 

20 within 1 h. The GPC measurements of the clear supernatant were further used to analyze 

polymers degraded from nanogels in the presence of glutathione. The GPC trace indicate that 
degraded polymers had M n = 43,000 and M w /M n = 1 .6. Note the targeted DP at 100% 
conversion was 290 and if a final DP of less than 1 5,000 was desired either more initiator 
could be added or a degradable linkage could be incorporated into the backbone in an 

25 ATRP/ring opening copolymerization. See for example, PCT/US04/09905 

For comparison, nanogels prepared by free-radical polymerization (FRP) in inverse 
miniemulsion under similar conditions were also examined for biodegradation in the presence 
of glutathione. However, these gels did not degrade to any significant degree. 
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Discussion of example 9. (Bio)degradable, crosslinked P(OEOMA) nanoparticles were 
prepared using an AGET ATRP of OEOMA in inverse miniemulsion in the presence of a 
disulfide-functionalized dimethacrylate (DMA) crosslinker at ambient temperature (30 °C). 
In the absence of DMA, well-controlled P(OEOMA) with narrow molecular weight 
5 distribution (M w /M n < 1 .3) was prepared in uncrosslinked colloidal particles of 1 5 1 ± 8 nm in 
diameter with narrow, monodisperse size distribution. In the presence of DMA, expressed as 
[DMA] 0 /[I]o = 4/1, the resulting particles were not soluble in any solvents, including THF and 
water, indicating that the particles were crosslinked during the polymerization. The diameter 
of particles dispersed in cyclohexane was 225 ± 24 nm. 

10 In this non-limiting example, stable biodegradable nanogels crosslinked solely with 

disulfide linkages were prepared by utilizing inverse miniemulsion atom transfer radical 
polymerization (ATRP). These nanogels possess useful features as targeted drug delivery 
scaffolds for biomedical applications. They have uniformly crosslinked network which can 
improve control over the release of encapsulated agents. They were biodegraded into water- 

1 5 soluble polymers in the presence of a biocompatible glutathione tripeptide which is 

commonly found within cells. The biodegradation of nanogels can trigger the release of 
encapsulated molecules exemplified herein by rhodamine 6G, a fluorescent dye, and 
Doxorubicin (Dox), an anticancer drug, in vitro as well as facilitate the removal of empty 
vehicles. Results obtained from optical fluorescence microscope images and live/dead 

20 cytotoxicity assays of HeLa cancer cells suggested that the released Dox molecules could 
penetrate cell membranes to suppress the growth of cancer cells. The introduction of 2- 
hydroxyethyl acrylate (HEA) into polymerization resulted in the formation of OH- 
functionalized nanogels. A facile applicability of these nanogels toward bioconjugation was 
demonstrated by reacting with biotin using a carbodiimide coupling reaction in water. The 

25 bioavailability of biotin in nanogels was determined to be 142,000 biotin molecules in each 
nanogel particle and the formation of bioconjugates of nanogels with avidin was confirmed 
using optical fluorescence microscopy. 
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EXAMPLE 10. Peptide functionalized nanogels 

Synthesis of Well controlled HO-POEOMA by Cyclohexane Inverse Miniemulsion AGET 
ATRP. 

A series of AGET ATRcoP, using OEOMA300 and OEOMA475, was conducted for 
the synthesis of colloidal particles of well controlled POEOMA in inverse miniemulsion of 
cyclohexane under different conditions. 

A typical procedure for the synthesis of POEOMA300 is described below. 
OEOMA300 (1.4 g, 4.67 mmol), HO-EBiB (29.0 mg, 0.094 mmol), TPMA (13.6 mg, 0.047 
mmol), CuBr 2 (10.4 mg, 0.047 mmol), and water (1 .4 mL) were mixed in a 50 mL round 
bottom flask at room temperature. The resulting clear solution was mixed with a solution of 
Span 80 (1.0 g) in cyclohexane (20 g), and the mixture was sonicated for 2 min in an ice bath 
at 0 °C to form a stable inverse miniemulsion. The dispersion was transferred into a 50 mL 
Schlenk flask, and then bubbled with argon for 30 min. The flask was immersed in an oil 
bath preheated to 30 °C, and then an argon-purged aqueous solution of AscA (0.094 
mmol/mL, 0.037 mmol, 400 uL) was added via syringe to activate the catalyst and start the 
polymerization. Samples were withdrawn periodically from the reaction to determine 
conversion and molar mass by GPC. The polymerization was stopped by exposing the 
reaction mixture to air. The targeted degree of polymerization (DP) was varied between 50 
and 150. As presented in the following table, conversion reached ca. 65% in 90 min for both 
polymerizations. The molecular weight distribution is also monomodal and low, M w /M„ < 
1.3. 

Table 3: Experimental Conditions, Conversion, and Molecular Weight Data for AGET ATRP 

of OEOMA300 in Inverse Miniemulsion at 30 °C. 

OEOMA300/HO-EBiB/CuBr 2 - W 
Entry . Conv. M nMo M n , GPC M w /M„ 

TPMA/AscA a min 

"~A 150/1/0.5/0.45 90 063 28,200 25,000 L28 

B 50/1/0.5/0.40 90 0.65 10,000 14,000 1.22 

a . OEOMA300/water = 1/1 v/v; solids content = 10 wt%. 
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In a similar way, colloidal particles of well controlled HO-POEOMA475 were also 
synthesized except that OEOMA475 (1.4 g, 2.95 mmol), HO-EBiB (3.1 mg, 0.01 mmol), 
TPMA (1.5 mg, 0.005 mmol), CuBr 2 (1.1 mg, 0.005 mmol), water (1.4 mL), Span 80 (1.0 g), 
cyclohexane (20 g), and an argon-purged aqueous AscA solution (0.056 mmol/mL, 0.004 

5 mmol, 78 uL) was used. [OEOMA475]o/[HO-EBiB] 0 /[CuBr 2 /TPMA]o/[AscA]o = 
300/1/0.5/0.38. The polymerization showed a 5 min induction period then the reaction 
followed first-order kinetics, reaching 80% conversion within 60 min. The occurrence of 
induction period may be attributed to the slow reduction of the Cu(II) complex to the active 
Cu(I) complex, as well as their high hydrophilicity. The molecular weight increased with 

1 0 conversion and molecular weight distribution was low, M w /M„ < 1 .2. 

These results indicate that inverse miniemulsion ATRP of both OEOMA300 and OEOMA475 
in the presence of HO-EBiB resulted in the formation of well controlled HO-POEOMA with 
various DPs. 

Synthesis of amine-terminated GRGDS. The oligopeptide sequence GRGDS was 

1 5 synthesized according to standard Fmoc solid phase peptide synthesis using the batch-wise 
process and the peptide coupling agent HBTU. Fmoc-Ser(But)-loaded Wang resin (3. 12 g 
with loading density of 0.6 mmol/g) was weighed into an oven-dried glass-fritted reaction 
tube and swollen with 30 mL dry CH2CI2 for 5-10 min. The Fmoc group was cleaved by the 
addition of a 25/75 solution of piperidine/DMF (30 mL), followed by agitation with N 2 (g) for 

20 5 min. The resin was filtered, and fresh piperidine/DMF (30 mL) was added. After agitating 
for 20 min, the resin was filtered and washed with DMF 6 times. A solution of Fmoc- 
Asp(OBut)-OH (3.85 g, 9.35 mmol), DIC (1.45 mL, 9.35 mmol), HBTU (3.48 g, 9.17 mmol), 
and HOBt (1 .26 g, 9.35 mmol) in 20 mL of anhydrous DMF was prepared. After the solution 
became homogeneous, DIPEA (3.28 mL, 18.70 mmol) was added, and the resulting mixture 

25 was added immediately to the resin. The resin was then agitated for 2 hr, filtered, and washed 
with DMF (3 times). A 25/75 solution of piperidine/DMF (30 mL) was added, and the resin 
agitated for 5 min. After filtration, piperidine/DMF was again added to the resin followed by 
agitation for 20 min. The resin was then washed with DMF (6 times). The above amino acid 
addition procedure was repeated for Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, and a second unit of 

30 Fmoc-Gly-OH. The peptide was then deprotected and cleaved from the resin by agitating 
with a 88/2/5/5 solution of TFA/TIPS/H 2 0/phenol (30 mL) for 2 hr. The solution was 
filtered, and the cleavage procedure was repeated with 30 mL of fresh solution and 30 min 
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agitation. The resin was then washed with CH2CI2 (3 times), and the filtrated was 
concentrated by rotary evaporation, precipitated into cold ether and stored at 4° C for several 
hours before filtration. The solid was isolated by filtration, rinsed with diethyl ether (3 times), 
and dried under vacuum overnight to afford a white powder in nearly quantitative yield (based 
5 upon the given resin-loading density). The peptide was further purified by dialysis, dried by 
freeze-drying, and characterized by MALDI-TOF MS, showing two main peaks at 492.01 
g/mol and 5 1 3.89 g/mol (cationized with H + and Na + , respectively). A third peak at 439.66 
g.mol" 1 was the product from the peptide fragmentation during the MALDI process 
(RGDS/Na + ). 

1 0 Synthesis of Biotin-conjugated POEOMA. A clear solution containing the purified HO- 
POEOMA (M = 22,000 g/mol, 0.76 g, 0.034 mmol), biotin (13.0 mg, 0.052 mmol), DCC 
(10.7 mg, 0.052 mmol), a catalytic amount of DMAP, and DMF (3 mL) was stirred at room 
temperate. After 1 day, aqueous NaHC03 solution was added to form water-soluble sodium 
salts of biotin. The product was extracted with CH2CI2, isolated by evaporation of solvents, 

1 5 and further dried in vacuum oven at 35 °C for 12h. 

Avidin/HABA binding assay. A HABA stock solution consisting of HABA (1 1 .7 mg) and 
PBS (7 mL) was prepared. In turn, an avidin-HABA stock solution was prepared by mixing 
an aliquot of the HABA stock solution (0.5 mL), avidin (1.4 mg), and PBS (7.5 mL). An 
aliquot of the avidin-HABA stock solution (2.8 mL) was then mixed with biotin-conjugated 
20 POEOMA (2.2 mg) and the resulting mixture was stirred for 12 h. The UV-vis spectra of the 
solution before and after the addition of biotin-POEOMA were measured. 

The reaction mixture was diluted with aqueous NaHC03 solution, resulting in the 
formation of water-soluble salts of excess biotins. vThe product, Biotin-POEOMA, was then 
extracted with CH2CI2. The extent of functionalization of HO-POEOMA with biotin was 
25 calculated by the avidin/HABA binding assay. Upon the addition of Biotin-POEOMA to the 
avidin-HABA complex solution, absorbance at 500 nm sharply decreased from 0.52 to 0.21, 
indicating that the biotin molecules in the polymers competitively bind to avidin, by replacing 
HABA molecules. 

Synthesis of COOH-functionalized POEOMA (HOOC-POEOMA). A clear solution 
30 containing the purified HO-POEOMA (M = 25,700 g/mol, 0.284 g, 0.0 1 1 mmol), succinic 
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anhydride (2.6 mg, 0.026mmol), E13N (0.5 mL), and DMF (3 mL) was stirred at room 
temperate for 1 day. The mixture was poured into 10 wt% aq. HC1 solution and then stirred 
for 2 h at room temperature. The product was extracted with CH2CI2, isolated by evaporation 
of solvents, and then dried in a vacuum oven at 30 °C for 12 h. 

5 Synthesis of pyrene-functionalized POEOMA (Py-POEOMA). A dispersion containing the 
purified HOOC-POEOMA (M = 25,700 g/mol, 0.12 g, 0.01 1 mmol), N-hydroxysuccinic 
anhydride (51.5 mg, 0.45 mmol), EDCH (0.5 mg, 0.002 mmol), py-NH 2 (65.9 mg), and water 
(3 mL) was stirred at room. After 2 days, aqueous KOH solution was added to the reaction 
and the undissolved solids were removed by vacuum filtration. The product was extracted 

10 with CH2CI2, isolated by evaporation of solvents, and then dried in a vacuum oven at 30 °C 
for 12 h. 

Synthesis of COOH-functionalized POEOMA nanogels (HOOC-POEOMA nanogels). 
0.01 17 g dried POEOMA nanogels (0.000344 mmol) was mixed with 0.0344 g succinic 
anhydride (0.344 mmol) in 0.5 mL DMF with 1 drop of triethylamine. The mixture was 
1 5 stirred at room temperate for 2 days. The modified nanogels were dried, suspended in water, 
and dialyzed against water for 2 days in a membrane with a pore size of 13,000 Da, changing 
the water 5 times. After dialysis, the product was dried to yield 0.01 17 g (-100%). 

Synthesis of GRGDS-functionalized POEOMA nanogels (GRGDS-POEOMA nanogels). 
0.01 g dried HOOC-POEOMA nanogels (0.000294 mmol) were mixed with 0.0073 g 
20 GRGDS-NH 2 (0.0147 mmol), 0.0037 g DIC (0.0294 mmol), 0.00397 g HOBT (0.0294 mmol) 
and 0.8 fiL triethylamine in 0.5 mL of DMF. The mixture was stirred at room temperate for 2 
days. The modified nanogels were dried, suspended in water, and dialyzed against water for 2 
days in a membrane with a pore size of 13,000 Da, changing the water 5 times. After dialysis, 
the product was dried and analyzed by l H NMR. 

25 AGET ATRP of OEOMA3 00 was conducted in the presence of HO-EBiB and a PEO 

DMA cross-linker in cyclohexane inverse miniemulsion to prepare well controlled HO- 
functionalized cross-linked POEOMA nanogels. The conditions used were: 
[OEOMA300]o/[HO-EBiB]o/[CuBr 2 ]o/[TPMA]o/[PEO DMA] 0 /[AscA] 0 = 
1500/1/0.5/0.5/4/0.45. The polymerization was stopped after 5 hours, diluted with THF, and 
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centrifuged at 13,000 rpm for 30 minutes to precipitate the nanogels. The isolated nanogels 
were purified by dialyzing against water for 5 days. 

EXAMPLE 11: 

Synthesis of doubly-crosslinked water swellable nanogels. 

5 A water soluble stable dimethacrylate crosslinker (DMA4600-CC) was synthesized 

using a carbodiimide coupling reaction of PEG with M = 4,600 g/mol with methacrylic acid 
(MAA) in the presence of DCC and DMAP in methylene chloride. A solution containing 
PEG (6.8 g, 1.47 mmol), DCC (0.6 g, 3.56 mmol), and a catalytic amount of DMAP was 
added MAA (0.28 g, 3.56 mmol) in an ice bath at 0 °C. The resulting mixture was allowed to 

10 stir at room temperature overnight. The formed solids were removed by vacuum filtration and 
solvents were removed. The solids were dissolved in water and undissolved solids were 
removed, and then products were extracted from methylene chloride, isolated from 
evaporation, and dried in vacuum oven. 

A series of doubly-crosslinked nanogels were prepared by inverse miniemulsion 
1 5 ATRP. First, a nanogel sample with [DMA-SS] 0 /[DMA-CC] 0 /[I]o = 4/4/1 was prepared. 
Table 4-1 compares their sizes in different solvents with those prepared in the absence of 
degradable crosslinker, that is, with [DMA]o/[I]o = 4/1 . The size of particles dispersed in 
cyclohexane was 205 nm in the presence of DMA-SS, which is larger than that (157 nm) in its 
absence. This difference will be caused due to the presence of some impurities in DMA-SS 
20 crosslinker. After purification by precipitation into a mixture of CH and THF, followed by 
redispersion in solvents (THF and water), the size is larger in the presence of DMA-SS than 
its absence, since the former is more crosslinked. All particles show the monomodal size 
distributions. In addition, swollen particles in water and in THF are similar. 

Table 4-1 

DMA-SS CH Tiff Water 

Presence 205 nm 242 nm 233 nm 

Absence 157 nm 285 nm 
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Another nanogel sample with [DMA-SS]o/[DMA-CC] 0 /[I]o = 4/2/1 was prepared. Table 4-2 
compares their sizes in the presence and absence of degradable crosslinker. 

Table 4-2 

DMA-SS CH THF Water 

Presence 216 nm (0.07) 473 nm (0.10) 447 nm (0.31) 

Absence 162 nm (0.10) multimodal (Fig 1) 

5 

Degradation-oxidation experiments were conducted for the sample prepared with [DMA- 
SS] 0 /[DMA-CC]o/[I]o = 4/4/1 . The swollen particles in THF were subjected to chemical 
degradation in the presence of Bu 3 P. After stirring the mixture for 2 days, the size was 306 
nm in diameter with monomodal distribution. A -60 nm increase in gel particle size after 
10 degradation. 

These results indicate that well-defined functional nanogels hold great potential as 
carriers for controlled drug delivery scaffolds to target specific cells. In short, the nanogels 
can be readily conjugated with biomolecules such as proteins and antibodies that can 
recognize receptors on living cells and can enter cells through receptor-medicate endocytosis. 
15 The nanogel-bioconjugates will then be degraded gradually in the presence of glutathione 
inside cells and the degradation can trigger controllable release of encapsulated molecules 
such as drugs to kill targeted disease cells, exemplified by cancer cells. 

This invention, therefore, is concerned with preparation and use of functional gel 
microparticles as polymer drug conjugates. The gel particles can comprise any size between 

20 than 5um and 10 mm and can be prepared by ATRP, or other CRP processes, in miniemulsion 
or reverse miniemulsion polymerization systems or other biphasic systems, from 
microemulsion to suspension, where (co)monomers are copolymerized with divinyl 
permanent crosslinkers and divinyl degradable crosslinkers. The ratio of targeted degree of 
polymerization (DP) to crosslinking agents provides control over the "mesh size" of the 

25 formed gel. Addition of AB* monomers can also modify the mesh size by incorporation of 
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three arm branch points into the network. The larger particles can be prepared by suspension 
polymerization processes if desired. 

Image enhancement. An intermediate objective, between using functional nano-gel 
particles for cancer identification and cancer treatment, is a desire to enhance the image of the 

5 cancer site to allow for improved diagnosis. Gold nanoparticles with a diameter of 2-3 nm 
were trapped inside of POEOMA nanogels as a way to increase the electron density, and thus 
the TEM visibility, of the nanogels. This allowed for improved visualization and contrast in 
TEM. Briefly, a sample of dried permanently cross-linked POEOMA nanogels was stirred 
with a suspension of gold nanoparticles in water. After 3 days, the contents were dialyzed 

10 against water to allow any free gold particles to diffuse out of the membrane tubing. 

Individual gold nanoparticles alone, nanogels alone, and gold nanoparticle loaded nanogels 
were imaged by TEM. All visible gold nanoparticles were encased inside of POEOMA 
nanogels. No free gold particles are observed outside of the aggregated particles. The 
electron density is much greater (the halos around the gold particles are darker, especially 

15 compared to the images of the gold alone). This is evidence of the presence of the POEOMA 
nanogels with entrapped gold. The gold particles are 2-3 nanometers, the same size as the 
gold alone sample. 

After culturing with MC3T3 cells, the gold nanoparticle loaded nanogels were imaged 
along the cell membranes after 1 hour. At this time point, no gold nanoparticle loaded 
20 nanogels were observed inside of the cells. After 4 hours, and at the later time points (8 hours 
and 24 hours), aggregates of gold nanoparticle loaded nanogels were imaged inside of cells. 

In one embodiment of the invention the formed particles comprise a fraction of 
crosslinks that are degradable in a reducing environment and in a further embodiment of the 
process, a fraction of crosslinks that are slowly degradable in a biological environment to 

25 individual polymeric chains with relatively narrow molecular weight distribution (M w /M„ < 
1.5). In one embodiment, the gels are preferentially prepared using a controlled "living" 
polymerization process in either bulk, solution, suspension polymerization processes and gel 
particles are formed during a post polymerization step as known in the art or where additional 
control over the gel particle size is desired the gel particles can preferentially be prepared by 

30 conducting a controlled or living copolymerization in biphasic media where the dispersed 
phase comprises the gel precursor. 
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In one embodiment of the invention water swellable nanogels are prepared in one step 
in an inverse miniemulsion polymerization process and these water compatible nanoparticles 
provide enhanced circulation time of the loaded nanogels in the blood. 

In another embodiment of the process a hydrophobic gel particle is prepared in a 
miniemulsion polymerization process providing particles that can be loaded with hydrophobic 
drugs. 

In another embodiment the first hydrophobic particles can further comprise a water 
swellable or water compatible shell to enhance circulation time of the loaded nanogels in the 
blood. 

In one embodiment of the invention two or more different degradable crosslinkers are 
incorporated into either the hydrophylic gel particle or the hydrophobic gel particle to control 
the rate of "opening" of the gel in the target environment. In this embodiment control over 
the rate of opening of the gel provides control over the rate of release of the encapsulated 
material in the targeted environment. 

In one embodiment of the invention the functional compound that is desired to be 
encapsulated within the gel can be added during the gel formation process. 

In another embodiment the agent can be added at a later time and the agent can diffuse 
into the gel based on the preferred environment within the gel or can be added in a separate 
step wherein the agent can be added to an "open" gel and then the gel can be "closed" thereby 
encapsulating the agent. In this embodiment the gel network is opened and swelling ratio is 
increased as the reversible crosslinks are cleaved then closed, as they are reformed 
encapsulating the added agents. 

In a further embodiment of the process a shell is formed on the particle to seal the 
encapsulated materials within the particle. 

Embodiments of the invention exemplified above include the preparation of functional 
crosslinked gels particles wherein the gels comprise a network of permanent, or more 
chemically stable, crosslinks or branch points as the support (or substrate) and with an 
additional fraction of reversibly cleavable crosslinks or branch points that interact to allow the 
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dual functional crosslinked responsive network to encapsulate and retain an increased volume 
fraction of target molecules within the gel. 

In a further embodiment the functional gel material comprising a responsive crosslink 
network and a more stable crosslink network. The structure of the gel is selected to allow 
5 enhanced encapsulation of active materials within the functional gel and attachment of bio- 
responsive agents to the exterior of the nanogels. The bio-responsive gel additionally allows 
delivery of the gel to a specific targeted environment within the body, and release of one or 
more encapsulated materials at the targeted site by degradation of some or all of the crosslinks 
in the gel. 

10 This is exemplified in one embodiment by preparation of microparticles further 

comprising crosslinks that degrade in a reducing environment such as that present in cancer 
cells or cancerous tumors. The gel acts as a biocompatible drug carrier which should not 
cause any reaction to the immune system. The molecular fragments of the gel particle formed 
after complete degradation can be designed to comprise a molecular weight lower than the 

15 renal threshold. The drug is controllably released (i.e., if the drug or agent selected for 
targeted delivery is attached to the polymer via chemical bonds, they should degrade, 
preferably selectively, in the targeted tissue), and the carrier should be easy to functionalize 
with targeting molecules via links that do not prematurely degrade in the body. 

In one embodiment of the invention, the reversibly degradable crosslinks comprise a 
20 disulfide bond as disclosed in patent application PCT/US04/09905. If such a disulfide bond is 
incorporated into a crosslinking agent present, either as the sole reversible crosslinking agent, 
or as one of two or more reversible crosslinking agents, then the disulfide group can be used 
to bind additional added molecules to the gel particle. 

In a further embodiment of the process, the capacity of the first formed gel comprising 
25 a functional crosslink network to entrap/interact with additional molecules can be further 
enhanced by employing the terminal functionality that was initially present on each added 
initiator molecule and is now present within the gel particle to form a core shell structure by 
addition and polymerization of a second set of (co)monomer(s). Therefore, in this manner the 
surface properties of microgels can be easily tuned by chain extension from the chain-end 
30 functionalities remaining within in the microgels. This can form a shell to enrich the 
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concentration of either hydrophobic guest molecules in a gel prepared by bi-phasic aqueous 
polymerization processes or hydrophilic guest molecules in gels prepared by inverse emulsion 
processes. This embodiment can also be employed to further seal the agents within the gel 
particle. 

In a further embodiment of the process, a monomer comprising a functional group can 
be copolymerized with the first monomer to provide functional groups along the backbone 
that are employed to attach either directly or indirectly a bio-responsive agent. 

In a further embodiment, the fragments first released from the gel when it reaches the 
targeted site comprises and additional agent that is preferentially cleaved from the gel to 
indicate successful targeting has occurred. 

In the various embodiments of the processes for gel formation described herein, small 
initiators and low molecular weight monomers have been used with unexpected success. 
High molecular weight macroinitiators and/or macromonomers (or graft chains) may instead 
be added to the feed stock for forming the gel particles. However, the use of such high 
molecular weight monomers or initiators would change the topology and responsiveness of 
the gel particle. 
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WE CLAIM: 

1 . A gel particle comprising a polymeric network comprising: 
vinyl monomeric units; 

at least one first divinyl monomeric unit, wherein the vinyl groups are connected by a 
chemically stable linking group; and 

at least one second divinyl monomeric unit, wherein the vinyl groups are connected by 
a cleavable linking group, 

wherein the polymeric network is formed using a controlled polymerization process 
and wherein the first divinyl monomeric unit forms chemically stable crosslinks within the 
polymeric network and the second divinyl monomeric unit forms cleavable crosslinks within 
the polymeric network. 

2. The gel particle of claim 1 , wherein at least a portion of the cleavable crosslinks are 
cleavable in a predetermined chemical or predetermined biological environment. 

3. The gel particle of claim 1, wherein the cleavable crosslinks are reversibly cleavable 
crosslinks. 

4. The gel particle of claim 1, wherein the cleavable crosslinks comprise one or more 
cleavable functionality selected from the group consisting of an anhydride, an oligo(lactate) 
ester, a disulfide, a hydrazine, a hydrazone, an acetal, an oxime, an imine, a Schiff base, a 
urethane, a degradable oligo/polymer segment, and combinations thereof. 

5. The gel particle of claim 4, wherein the cleavable crosslinks comprise a degradable 
oligo/polymeric segment selected from the group consisting of a polysaccharide, a polyester, a 
peptide, a protein, a chitin and a chitosan. 

6. The gel particle of claim 4, wherein the cleavable crosslinks comprise two or more 
cleavable functionalities, wherein the two or more cleavable functionalities have different 
rates of cleavage in different chemical or biological environments. 

7. The gel particle of claim 1, wherein the polymeric network comprises one or more 
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polymer segments having a controlled topology, wherein the one or more polymeric segments 
comprise vinyl monomeric units selected from the group consisting of hydrophilic monomeric 
units, hydrophobic monomeric units, and combinations thereof. 

8. The gel particle of claim 1, wherein the chemically stable crosslinks comprise a 
functionality that can degrade in a predetermined chemical or predetermined biological 
environment over a time period of 7 days to 30 days. 

9. The gel particle of claim 8, wherein the polymeric network degrades during the time 
period to polymer fragments having a size below the renal threshold. 

10. The gel particle of claim 1, further comprising a guest compound, wherein the guest 
compound is chemically or physically encapsulated within the gel particle. 

11. The gel particle of claim 10, wherein the guest compound is selected from the group 
consisting of a nano-size star macromolecule, a fluorescent molecule, a color pigment, an 
inorganic nanoparticle, a nanoparticle with a fluorescent core, a biologically active compound, 
a drug, a cancer drug, a nanocomposite structure, a biospecific molecule, and combinations of 
any thereof. 

12. The gel particle of claim 10, wherein the polymeric network comprises one or more 
polymeric backbone segments and wherein the guest compound is retained within the gel 
particle by at least one interaction with one or more polymeric backbone segments in the gel 
particle, wherein the at least one interaction is selected from the group consisting of chemical 
affinity, hydrogen bonding, Van der Waal's interactions, ionic interactions, hydrophilic 
interactions, hydrophobic interactions, chemical reactions, and combinations thereof. 

13. The gel particle of claim 10, wherein cleavable crosslinks are cleaved to give at least 
one reactive functional group and wherein the at least one reactive functional group forms at 
least one chemical bond with the guest compound. 

14. The gel particle of claim 1, further comprising a residue of an initiator, wherein the 
ratio of the first divinyl monomeric unit to the first added initiator is greater than 1:1.01. 
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15. The gel particle of claim 1, further comprising a delivery notification system or an 
imaging system, wherein the delivery notification system or the imaging system comprise at 
least one of an imaging agent, magnetic particles, and luminescent compound. 

16. The gel particle of claim 1, further comprising at least one functional agent or a 
residue of at least one functional agent on at least a portion of an outer surface of the gel 
particle. 

17. The gel particle of claim 16, wherein the residue at least one functional agent forms a 
chemical bond with a surface reactive agent. 

18. The gel particle of claim 17, wherein the surface reactive agent is selected from the 
group consisting of reactive monomers, reactive macromonomers, reactive oligomers, and 
combinations thereof, and 

the gel particle further comprises a polymeric shell bonded to at least a portion of the 
surface of the gel particle, wherein the polymeric shell is formed by reaction of the surface 
reactive agent, 

wherein the polymeric shell has a phobicity different than the phobicity of the surface 
of the gel particle. 

19. The gel particle of claim 18, wherein the polymeric shell seals one or more pores on 
the surface of the gel particle and further encapsulates a chemically or physically encapsulated 
compound; and 

wherein the polymeric shell is bonded to the surface of the gel particle by one of 
degradable bonds and stable bonds. 

20. The gel particle of claim 17, wherein the surface reactive agent is a functional 
macromolecule comprising a bioresponsive molecule, wherein the bioresponsive molecule 
enhances surface properties of the surface of the gel particle to allow transportation of the gel 
particle to specific target environments. 

21. The gel particle of claim 1, wherein the gel particles have an average diameter of at 
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least 5 nm, and wherein the gel particle is a nanogel, a microgel, a macrogel, or a bead. 

22. A process for preparing a gel particle comprising: 

polymerizing by a controlled polymerization process in a biphasic media a system 
comprising: 

vinyl monomeric units; 

at least one first divinyl monomeric unit, wherein the vinyl groups are 
connected by a chemically stable linking group; and 
at least one second divinyl monomeric unit, wherein the vinyl groups are 
connected by a cleavable linking group; and 
forming a polymeric network comprising chemically stable crosslinks and cleavable 
crosslinks. 

23. The process of claim 22, further comprising: 

encapsulating a functional compound within the gel particle during the polymerization 
process, and 

wherein the functional compound is selected from the group consisting of a nano-size 
star macromolecule, a fluorescent molecule, a color pigment, an inorganic nanoparticle, a 
nanoparticle with a fluorescent core, a biologically active compound, a drug, a cancer drug, a 
nanocomposite structure, a biospecific molecule, and combinations thereof. 

24. The process of claim 22, wherein the cleavable crosslinks are reversibly cleavable 
crosslinks, and 

wherein the process further comprises; 

cleaving at least a portion of the reversibly cleavable crosslinks to increase the 
swelling ratio of the gel particle; 

adding a functional compound, wherein the functional compound migrates into an 
interior portion of the swelled gel particle; and 

reforming the reversibly cleavable crosslinks to decrease the swelling ratio of the gel 
particle to encapsulate the functional compound. 

25 . The process of claim 22, further comprising: 

attaching one or more surface reactive agents to at least a portion of an outer surface 
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of the gel particle, wherein the surface reactive agent forms a chemical bond with a functional 
agent on at least a portion of the outer surface of the gel particle. 

26. The process of claim 22, wherein the biphasic media comprises one of a continuous 
aqueous phase and a continuous non-aqueous phase, wherein the continuous non-aqueous 
phase is selected from the group consisting of an organic phase, an ionic liquid, and a 
supercritical fluid, and 

wherein the biphasic polymerizing comprises a microemulsion polymerizing process, 
a miniemulsion polymerizing process, an emulsion polymerizing process, or a suspension 
polymerizing process. 

27. A process for delivering an active compound to a target site comprising: 

forming a gel particle comprising a polymeric network comprising chemically stable 
crosslinks and cleavable crosslinks by a controlled polymerization process; 

encapsulating one or more functional compounds in an interior portion of the gel 
particle ; 

delivering the gel particle to a target site; 

cleaving at least a portion of the cleavable crosslinks of the polymeric network; and 
increasing a swelling ratio of the gel particle such that the one or more functional 
compounds is released from the interior portion of the gel particle. 

28. The process of claim 27, further comprising: 

degrading at least a portion of the chemically stable crosslinks over a period of 7 days 
to 30 days to form polymer fragments having a size below the renal threshold. 

29. The process of claim 27, further comprising: 

attaching at least one surface reactive agent to at least a portion of a surface of the gel 
particle, wherein the surface reactive agent alters at least one surface property of the gel 
particle. 
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Figure 1. Thiol-disulfide interchange between a disulfide-containing polymer 
and a low molecular weight thiol. 
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Figure 2. Dependence of f(H) from Figure 1 on pH for the reduction of disulfides 
P n -S2-P n with various pK a values (shown at each curve) of the corresponding thiols 
P n SH. All reductions are carried out with a thiol RSH with pK a = 9 (model for 
glutathione). 



WO 2008/057163 



PCT/US2007/021684 



2/10 




MW 

Figure 3. GPC trace for Run KM 678 
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Figure 4. Rate of conversion of MMAto form a gel with two different 
concentrations of crosslink agents. 
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Figure 5. Change of particle size after addition of tributylphosphine (50 uL) 
to lmL of the particle dispersion. 
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Figure 6. 'H-NMR of B-SS-Br initiator and the product formed after reduction by 2- 
mecaptoethanol. 
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Figure 7. UV spectra of Dox at different concentrations in PBS buffer (a) and plot of absorbance 
vs. concentration of Dox. The extinction coefficient of Dox (e) = 7,600 M" 1 cm" 1 in PBS. 
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Figure 8. Fluorescent image of live (green) and dead (red) C2C12 cells after 24 h incubation with 
nanogels. The gels were purified by extensive dialysis in water for 7 days. Scale bar = 200 urn. 
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48 h 96 h 

Figure 9. Viability of HeLa cells in the presence of Dox-loaded nanogels before and 
after the addition of glutathione to release Dox from Dox-loaded nanogels. 
Glutathione (b) and Dox (c) was added after 48 h incubation. Control (a), Dox-loaded 
nanogels (b), and Dox (c). 




Figure 10. UV spectra of HAB and Avidin-HABA complex before and after addition of biotin- 
nanogels in PBS buffer. 



WO 2008/057163 



PCT/US2007/021684 



6/10 




FRP: 

MMA: AIBN: EGDMA = 400: 0.625: 20 

Gel after 5 minutes, with monomer conversion 22% 

After swollen in toluene, 0.52 g- 1.08 g 



ATRP: 

MMA: EBiB: EGDMA: Cu/dNbpy= 400: 1: 20: 0.25 
Gel after 4 hours, with monomer conversion 25% 
After swollen in toluene, 0.52 g- 5.08 g 
Figure 12. Swelling of gels formed by FRP and ATRP 
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Figure 13 A. Guest molecules encapsulation using dual crosslinked microgels 

• Specific binding sites are not necessary 

Requires high concentration of guest molecules in the uptake step 
Requires accurate control over mesh size to match the size of guest 
molecules 
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Figure 13B. Guest molecules encapsulation through specific interaction 

High uptake efficiency unaffected by the mesh size 
• Requires specific binding sites 

Schematic of opening, loading and closing of gel particles 

00- 



Network consists of permanent C-C bonds 
and degradable S-S bonds. 

Network loosens and expands after 
partial degradation by reduction. 
Guest molecules are loaded 

Network tightens upon oxidation. 
Guest molecules are sealed 
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Figure 14. 
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Figure 15. Optical Fluorescence Microscopy image of FITC-avidin-biotin-nanogel conjugates. 
Scale bar = 5 urn 



